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PREFACE

The objective of this project was to produce a compendium detailing automated
enforcement approaches and systems implemented around the world and to characterize the
impacts of such deployments, based on available research literature. The study was not designed
to yield a “best practice” document, to project the impacts of untried concepts, or to discuss the
feasibility, logistics, or other challenges associated with automated enforcement system
deployments.

The authors wish to thank the following individuals and organizations for their time and
effort: Ms. Mary Ellen Tucker, Head Librarian, University of North Carolina, Highway Safety
Research Center; Ms. Kay Geary, Public Services Librarian and Head of Reference,
Northwestern University Transportation Library (NWUTL); Joe Ellison, Document Delivery
Assistant, NWUTL; and Roberto Sarmiento, Head Librarian, NUTL. Thanks are also given to
Kathy Lococo and Michael Mercadante of TransAnalytics for assisting in the literature and
information searching and editing phases of the project.

il



v



TABLE OF CONTENTS

Section Page
EXECUTIVE SUMMARY ..ottt 1
BACKGROUND ..ottt et et 1
RESEARCH FINDINGS.......ooiiiiiiiiiiii et 2
CONCLUSIONS AND RECOMMENDATIONS ......cooiiiiiiiiiiiiiiiiccieceeceeeeeeeen 3
INTRODUCTION ...ttt et ettt ettt e 5
PROBLEM STATEMENT ......cooiiiiiiiiiiitiii e 5
BACKGROUND ..ottt e 5
PROJECT OBJECTIVES AND SCOPE OF WORK .........ccocoiiiiiiiiiiiiniiceiiceeece 7
RESEARCH APPROACH AND METHODS ...ttt 9
INFORMATION AND LITERATURE SEARCH........ccccceiiiiiiiiiiiiiiiiceiicceecce 9
CRITERIA FOR SELECTION OF EVALUATION STUDIES ........ccccoooiiiiniiiiniieenn 11
RESEARCH FINDINGS .....cooiiiiiiiii ettt 17

DESCRIPTION OF AUTOMATED ENFORCEMENT SYSTEM DEPLOYMENTS... 17

IMPACTS AND EVALUATIONS (AUTOMATED SPEED ENFORCEMENT).......... 18
IMPACTS AND EVALUATIONS (AUTOMATED RED LIGHT RUNNING
ENFORCEMENT)....ooiiiiiiiiiiiiiie ettt 28
INTERPRETATION OF FINDINGS AND METHODOLOGICAL CONCERNS.................... 37
AUTOMATED SPEED ENFORCEMENT .......coociiiiiiiiiiiiiiiiiiiiiiceieccieceeceeeee 37
AUTOMATED RED LIGHT RUNNING ENFORCEMENT ......cccocoiiiiiiniiiiiiniiieeee 40
GENERAL DISCUSSION......citiiiiiiiiitie ettt et et 43
REFERENCES ..ottt ettt et 47



TABLE OF CONTENTS (CONT’D)

Section Page
APPENDIX A: ANNOTATED BIBLIOGRAPHY OF AUTOMATED ENFORCEMENT

SYSTEMS .ottt et et e bt e et e e eneas 55
PART I SPEED.....ciiiiiiiiiieiieceee ettt e 57
PART II: RED LIGHT RUNNING .......cctttiiieiiiiiiiiieeeeeeeeiiieeeee e 103

APPENDIX B: BIBLIOGRAPHY OF SCREENED AUTOMATED SPEED ENFORCEMENT
PAPERS NOT MEETING DETAILED REVIEW CRITERIA ..................... 123

LIST OF TABLES

Table Page
Table 1. Automated Speed Enforcement Studies for Detailed Evaluation. ...............cccecvveennnnn. 13
Table 2. Automated Red Light Running Enforcement Studies for Detailed Evaluation............. 15

Table 3. Retrospective Studies Reviewed on Automated Red Light Running Enforcement. ..... 16

Table 4. Key Study Summaries — Automated Speed Enforcement. .............ccccoeeeviiiiiienninineeenn, 21
Table 5. Key Study Summaries — Red Light Running Enforcement..............ccocceeeviiinieennnen. 31

vi



EXECUTIVE SUMMARY

This National Highway Traffic Safety Administration (NHTSA) project produced a
compendium of automated enforcement system (AES) approaches and implementations
worldwide, with a critical review of studies that have attempted to evaluate the impacts of such
deployments. The current research was not designed to yield a “best practice” document; to
project the impacts of untried concepts; or to address the feasibility, logistics, or other challenges
associated with the actual deployment of automated enforcement systems. Two specific
technologies — speed enforcement and red light cameras — emerged as the focus of this review.
Recommendations developed in this project concentrate on strategies to improve the scientific
validity and precision of future AES evaluation activities.

BACKGROUND

An initial review sought AES evaluation studies with a description of intervention sites,
evidence of pre- and post-intervention outcome measure data, and identification of statistical
analysis methods. A systematic information and literature search of national and international
sources generated a voluminous quantity of reports and articles describing systems to combat
speeding and red light running. This was followed by a more in-depth filtering process that
ranked studies according to (1) study methodology, targeting research designs incorporating a
controlled pre- and post-intervention period for evaluation; (2) outcome measures (e.g., crash or
violation frequency and/or rates, plus injury, fatality, property damage); (3) number of treatment
and comparison sites; (4) other treatment characteristics (e.g., warning signs, publicity); (5) other
evaluation features (e.g., cost-benefits); and (6) confounding variables (e.g., spillover effect,
regression to the mean). These evaluation factors were applied in a checklist procedure to yield
a final selection of studies for inclusion in this compendium.

Automated enforcement systems addressed in this report use image capture technology to
monitor and/or enforce traffic control laws. Automated speed enforcement systems include fixed
cameras that can continually monitor traffic speeds without a human operator, and/or mobile
camera operations, usually deployed in vehicles by law enforcement agents; and “speed-over-
distance” systems that photograph vehicles and measure speeds at both starting and ending
points on roadways. Photographs of the speeding vehicle and license plate number are reviewed
by jurisdictions, and the owner of the vehicle may receive a citation. This technology has been
widely deployed, most extensively in Australia, Canada, Europe, and the United States.

Red light cameras (RLCs) are set up to photograph vehicles entering intersections after
signals have turned red. Detection of an offense is made by sensors buried in the pavement and
tied to a timing system integrating the traffic signal and pole-mounted camera. Photographs of a
vehicle entering an intersection illegally and the license plate number are taken and then
reviewed by the jurisdiction. The owner of the vehicle then may receive a citation. RLCs are
used worldwide, most heavily in Australia, Canada, Europe, Singapore, and the United States.



RESEARCH FINDINGS

Thirteen evaluation studies met our criteria for full review in the area of automated speed
enforcement. All reported decreases in estimated injury crashes, all crashes, or speed-related
crashes at camera sites, or system-wide (State or province) following implementation of
automated speed enforcement using cameras. About half of the studies also documented
reductions in speeds, suggesting a relationship between the treatment and the observed safety
effect. Because of confounding factors and differences in study methodologies, no single
number is thought to best represent the safety effect of automated speed enforcement.

Four studies evaluated local effects of fixed speed camera enforcement. Estimates of
injury crash reductions at treated sites (of varying lengths) from three of these studies, including
two of the best controlled, were in the range of 20 to 25%. Two studies controlled for volume
and regression to the mean (RTM), and two documented reductions in speeds as well as crashes.
Using empirical Bayes (EB) procedures which correct for RTM, traffic volume, and changes due
to new treatment, one study also documented significant and sizable crash reduction effects due
to RTM: up to half of observed fatal and serious crashes. This result highlights the importance
of controlling for RTM. The same study also estimated that 5% of the reported 25% overall
reduction in the personal injury crash rate was the result of changes in traffic flow, such that
beneficial effects at the enforced sites were accompanied by a negative impact on alternate
routes. Another study documented increases in speeds and crashes over two years at non-
enforced sites adjacent to treatment sites, also suggesting the possibility of driver adaptation and
crash migration following the treatment. These outcomes did not totally offset reductions in
crashes at camera sites, however.

Reported reductions for mobile enforcement programs were more variable, perhaps
reflecting in part the variable nature of mobile enforcements themselves. Only one study of
mobile treatment effects controlled for RTM, as well as general trends. This study found a 16%
corridor-wide reduction in all crashes along a single 22 km corridor with 12 specific treatment
sites. The enforcement program was covert; and, the comparison group may also have been
affected by a province-wide program, resulting in an understatement of effect in this study.

Other studies of signed mobile camera enforcement zones and otherwise more overt,
conspicuous mobile enforcement programs found a wide range of crash reductions — from about
9 to 18% for all crashes, and from 21 to 51% for injury crashes. Confidence in these results is
limited based on lack of control for RTM, short study periods for some studies, issues with
comparison groups, and other factors. None of these studies directly examined the possibility of
traffic flow changes or crash migration to non-enforced routes or segments.

Two of the studies examined system-wide effects of mobile enforcement. One reported a
25% reduction in daytime unsafe speed-related crashes province-wide and the other reported a
reduction of 30% in daytime injury crashes State-wide. One study documented generalized speed
reductions, and the other found a relationship between crash reductions and program intensity.
While there may be confounding factors, both studies used time-trend analyses to account for
general trends, proxy measures to adjust for travel exposure, and one also used a neighboring
similar State as a comparison group.



For red light running enforcement, findings across the reviewed studies revealed crash
effects that were consistent in the direction of those found in many previous RLC evaluation
studies. That is, a decrease in right-angle crashes, and an increase in rear-end crashes. When
violation frequencies were evaluated, the results were also consistent with findings of previous
studies showing that red light running violations decrease at both treatment and non-treatment
intersection sites. It may be noted, however, that challenges to data quality in these studies
included errors introduced when recording data in the field, and in data entry; variance in red
light gap acceptance; the presence of turning vehicles in the red light phase; and the percentage
of violations/citations dismissed in court on appeal.

Most of the studies compared treatment sites with comparison sites that were matched for
characteristics such as operations (e.g., traffic volume); speed; traffic control (e.g., duration of
amber signal); and geometry (e.g., number of lanes). These characteristics varied substantially
across all of the reports. Most, if not all, of the traffic control operations and RLC installations
were under the control of the participating jurisdictions, leading to inconsistencies in the
experimental designs and what measures, if any, the researchers were able to control. In
addition, while the majority of sites incorporated RLC warning signs and public outreach efforts,
neither the details of sign placement (and the associated visibility/conspicuity) nor the amount
and duration of media exposure were documented.

Several studies conducted an economic effects analysis based on an aggregation of right-
angle and rear-end crash costs for various injury severity levels. These studies revealed that
RLCs do provide a modest aggregate crash-cost benefit. RLCs contributed more to decreasing
fatal and injury angle- and left-turn crashes than to decreasing property-damage-only crashes.

CONCLUSIONS AND RECOMMENDATIONS

Existing research indicates that automated enforcement systems can result in measurable
safety improvements at high crash locations. The magnitude of the effect, and how much is due
to the desired behavior change (decrease in speed or red light running) versus other behavior
changes (e.g., choosing alternate routes), remains uncertain.

Recommendations for future implementations of automated speed enforcement systems
stress the need for authorities and researchers to collaborate on studies of safety effects using
controlled, randomized experiments. Where observational before/after studies are performed,
they should document changes in speeds as well as crashes, and control for general trends and
regression to the mean. Selecting treatment groups that adequately encompass the extent of
expected effects and comparison groups that are unaffected by the treatment, but adequately
account for other factors such as general trends and other countermeasures, is essential. Traffic
flow and events outside of the immediate treatment zone and on alternate routes must be
monitored to determine possible positive and negative spillover effects; negative effects may be
more likely for conspicuous and fixed treatments, while positive spillover appears more likely
for covert or inconspicuous enforcements, and could affect comparison groups.

Parallel recommendations apply to studies of automated enforcement programs using red
light camera (RLC) installations. Such evaluations ideally will be carried out using controlled,
randomized experiments. Where legal, ethical, and economic barriers to random assignment



lead to the use of before/after designs to gauge safety effects, the selection of treatment and
matched control locations (or jurisdictions) is critical. Empirical Bayes methods applied to the
calculation of treatment effects can be helpful in guiding the selection of comparison sites. The
goal is to establish reference functions with variables that incorporate all other known influences
on driving behavior; on exposure, and on crash reporting practices and other factors affecting
data quality within a jurisdiction, to permit more reliable estimates of RLC treatment effects.



INTRODUCTION

This chapter presents a problem statement for the study; background information on
automated enforcement system technology; the project objectives; and scope of work.

PROBLEM STATEMENT

Automated enforcement is the use of image capture technology to monitor and/or to
enforce traffic control laws. It can be used to combat aggressive driving behaviors such as
speeding or running red lights. Testimony by the National Highway Traffic Safety
Administration (NHTSA) administrator (Martinez, 1997) several years ago pointed out that
about one-third of all crashes and two-thirds of the resulting fatalities in the United States are
attributed to aggressive driving behaviors. Aggressive driving is often manifest in irresponsible
driving behaviors such as speeding, running red lights, and tailgating. Increased enforcement of
traffic laws is viewed as a potential solution for aggressive driving, but in reality, conventional
law enforcement has not been able to keep pace with increased traffic volumes and vehicle
mileage. This concern has prompted the traffic safety community and public entities in the
United States and around the world to promote and use automated enforcement to improve
general deterrence of aggressive driving and compliance with traffic laws; to reduce resource-
intensive traditional enforcement; and to decrease high-risk enforcement methods associated
with high-speed pursuits of traffic control law violators.

While there are many issues surrounding the use of automated enforcement systems
(AES), including: legal (e.g., privacy, distribution of ticket revenue, ticketing procedures,
legislative enactment of laws, etc.); public education and community support; and technology
performance and efficiencies, the purpose of this study is to validate the effectiveness (and
impact) of AES deployments which have been scientifically evaluated and documented in the
research literature.

BACKGROUND

Excessive speeding, red light running, and other aggressive and high-risk driving
behaviors are leading causes of crash fatalities and injuries in the United States (Retting, 1999).
Traditional law enforcement alone is not enough to deter violators. The use of AES is a
potentially effective way to deter high-risk driving behaviors. The goal of AES is to
significantly increase the objective and perceived chances of being caught, thus creating a
change in behavior that will translate into a crash reduction, whether it applies to running red
lights, speeding, or other aggressive driving behaviors. While AES technology has been used in
many applications, the two most common AES applications are fixed and mobile cameras for
speeding, and fixed cameras at intersections for red light running violations.

Speed Enforcement

The relationship between speed and traffic safety is generally well accepted by
researchers and public safety officials. That higher speeds are associated with increasing crash
severity is particularly difficult to deny, both from highway safety research and physical laws.
Correlational studies also suggest that the probability of a crash is related to speed, both on an



individual level and on an average traffic speed level, although the evidence is not as conclusive
(TRB, 1998; Elvik, 2005). The incidence of single vehicle (run-off-road) crashes increases
sharply with higher speeds, providing additional suggestive evidence of a relationship between
crash frequency and speed.

There is some evidence for a relationship between traffic speed dispersion and crash
incidence on some road classes (particularly limited access and rural highways). Early studies
found that motorists traveling at both significantly higher- and significantly lower-than-average
speeds had greater crash risk, although later analysts found that the relationship with lower
speeds was related primarily to crashes involving turning and slowing vehicles (reviews by TRB,
1998; and Aarts and van Schagen, 2006). Larger speed variance for particular road sections has
also been associated with higher crash rates, but Aarts and van Schagen (2006) point out that in
most studies, these variances reflect differences over 24 hours and thus speed differences
between peak- and low-flow periods. They argue that to understand the meaning of these
variances, it is important to examine speed and crash data on a more disaggregated level.

More recently, Elvik (2005) performed a meta-analysis of 98 treatment evaluation studies
incorporating changes in traffic speed and road safety estimates (different severity of crashes or
injuries) as outcome measures. He used the Power Model proposed by Goran Nilsson of Sweden
to estimate power function relationships between speed and road safety. While combining the
results from different studies as part of the meta-analysis, he assigned weights proportional to the
inverse of the variance of the estimate. He performed the analysis using both well-controlled
studies and all studies, and with and without very small (< 2.5%) changes in speed, and found a
strong statistical relationship between changes in speed and changes in both the number of
crashes and severity of injuries. Despite these results, Elvik acknowledges limitations in the use
of the power model. For example, the power model predicts that the effects on fatalities for a
reduction of speed from 100 to 50 km/h would be the same as the reduction from 10 to 5 km/h,
very unlikely to be the case. An attempt to consider the effect of initial speed through logistic
regression using the power model, showed a tendency for the power to become lower as initial
speed became lower, but the changes in the relationship were not very systematic.

Fatality data (NHTSA, FARS, 2004) suggest that speed is associated with about 30% of
all fatal crashes in the United States. These data are based on police-reported codes for
“exceeding the posted speed limit” or “driving too fast for conditions,” not on investigations
showing whether speed was the primary cause of the crash (TRB, 1998). A review of detailed
causal crash studies suggests that excessive speed is a causal factor in 7 to 11% of all crashes (in
one study, second only to inattention as the second most frequent cause), and a probable cause in
13 to 16% more. The association with casualty crashes is even higher (TRB, 1998). Thus,
detailed crash studies suggest that speed is a causal or at least a contributing factor in nearly as
high a proportion of all reported crashes as is generally reported based on fatal crash data.

Therefore, there are compelling reasons to attempt to regulate speed, and to enforce limits
since many drivers do not comply with established limits. For example, Fitzpatrick et al. (2003),
reports that a large majority (68 to 78%) of vehicles exceeded the speed limit on urban and
suburban roadways. Others have documented similar findings and significant percentages of
excessive speeding as well.



Red Light Running Enforcement

Intersection safety is a serious problem in the United States. Approximately 40% of all
crashes are intersection related. NHTSA reported that in 2004 alone, more than 9,000 people
died and another 1.5 million people were injured in intersection-related crashes. The number of
fatal motor vehicle crashes at traffic signals is rising faster than any other type of fatal crash
nationwide (FHWA, 2006).

The FHWA reports that red light running causes more than 180,000 crashes every year,
resulting in approximately 1,000 deaths and 90,000 injuries annually. In 2004, data from
NHTSA'’s Fatality Analysis Reporting and General Estimates Systems, found that crashes caused
by red light running resulted in as many as 854 fatalities and more than 168,000 injuries.
(FHWA, 2006). Survey research has explored this issue with the public. Surveys conducted by
USDOT and the American Trauma Society, have reported that almost two-thirds of Americans
reported seeing someone running a red light at least a few times a week (FHWA, 2002).

Red light running involves a driver entering an intersection after the traffic signal has
turned red. Enforcement has typically involved a law enforcement agent parked in a vehicle near
the intersection observing for violations. This method is unsafe for the officer, expensive, and
requires a lot of staff resources for the law enforcement agency. Automated enforcement of red
light running violators using red light cameras offers an opportunity to efficiently and effectively
reduce this unlawful driving behavior.

PROJECT OBJECTIVES AND SCOPE OF WORK

The objective of this study was to produce a compendium detailing automated
enforcement approaches and systems implemented around the world and to characterize the
impacts of such deployments, based on available research literature. It was not designed to yield
a “best practices” document; to project the impacts of untried concepts; to report on products and
product development; or to discuss the feasibility, logistics, or other challenges associated with
automated enforcement system (AES) deployments.

To meet the study’s goals, the scope of work included:
(1) A comprehensive search and document acquisition of technical literature.
(2) A description of AES deployments around the world.

(3)  The identification, review and synthesis of critically important research studies that have
evaluated the AES technology using scientifically valid methods.

(4)  The development of recommendations for future deployments of AES that will facilitate
rigorous evaluations of the impacts of AES on highway safety. An annotated
bibliography of the selected AES research reports included in this study was also
prepared.






RESEARCH APPROACH AND METHODS
INFORMATION AND LITERATURE SEARCH

A systematic approach was used to conduct an international and National information and
literature search. Four search methods were used: (1) electronic subject databases; (2) electronic
technical library databases; (3) Internet sources; and (4) professional associations.

Search Methods

Use of Electronic Subject Databases. Transportation, engineering, human
factors/psychological, and general science electronic databases were searched. These were
accessed through staff accounts and free online services. Keyword terms searched included: red
light running, speed(ing), aggressive driving, violation(s), crash(es), collision(s), accident(s),
injury severity, fatality, automated enforcement system(s), automated enforcement technology,
red light camera(s), photo camera, photo radar, laser, detection, detector, adaptive speed, railroad
crossing, and following too closely. Other terms were used after reviewing abstracts and other
references.

Subject databases and their producers used for the search included:

. Compendex (Engineering Abstracts Inc.)

. IRRD (International Road Research Documentation - Organization for Economic

. Cooperation and Development)

= NTIS (National Technical Information Service)

. PsychInfo (American Psychological Abstracts)

. TRANSDOC (European Conference of Ministers of Transport)

. TRANSPORT — IRTD, and TRANSDOC

. TRIS — (Transportation Research Information Services — Transportation Research Board)

Use of Electronic Technical Library Databases. The following electronic technical
library databases were used: Northwestern University Transportation Library (NWUTL)
(Evanston, Illinois); Temple University (Philadelphia, Pennsylvania); and University of North
Carolina Highway Safety Research Center (UNC/HSRC) (Charlotte, North Carolina). Staff
reference librarians were contacted and provided with a description of the project and literature
search task, including the search terms. NWUTL and UNC/HSRC used several of the
commercially available electronic databases, as well as their own electronic library collections.

The initial searches in these electronic databases revealed well over 500 published
articles and research reports relating to AES technology. Most of these references referred to red
light cameras and speed enforcement technology. Very few references were related to other
AES technologies.

Internet Sources. Government and research agency Web sites were searched. These sites
were identified from the Federal Highway Administration’s International Guide to Highway
Transportation Information (Decina & Lococo, 2001), Aeron-Thomas and Hess’ Red-light




Cameras for the Prevention of Road Traffic Crashes (2005), and sources from the Highway
Safety Research Center Library at University of North Carolina.

National Web sites searched included:

= AAA Foundation for Traffic Safety

. Centers for Disease Control

. Federal Highway Administration

. Institute of Transportation Engineers

. National Campaign to Stop Red Light Running

. National Highway Traffic Safety Administration
- National Safety Council

. Transportation Research Board

International Web sites searched included:

. Asociacion Argentina de Technologia Espacial

. Australian Road Research Board

. Australian Transport Safety Bureau

. Chilean Comision Nacional de Seguridad de Transito

. Danish Council for Road Safety Research; Danish Transport Research Institute;
Department for Environment and Transport (DOET), United Kingdom

. Deutscher Verkenrssichereitsrat Road Safety Instiute (DVR), Germany

. European Transport Safety Council

. Finnish National Road Administration

. Inform. and Technology Centres for Transport and Infrastructure (CROW), Netherlands

. Institut National de Recherche sur les Transports et leur Sécurité (INRETS), France

. Interamerican Development Bank

. International Cooperation on Theories and Concepts in Traffic Safety

. Laboratoire d’Economie des Transports (LET), France

. Monash University of Accident Research Centre (MUARC), Australia

. Norway Institute of Transport Economics (TOI)

. Pan American Highways Organization

. Swedish National Roads and Transport Research Institute (VTI)

. Transport Canada

. Transport Research Laboratory (TRL), United Kingdom

. Wetenschappelijk Onderzoek Verkersveiligheid (SWOV), Netherlands
. World Health Organization (WHO)

In addition, a general Internet search was conducted, using Yahoo and Google search
engines. A list of 181 independent Nations were selected from the United Nations member list
and combined with the phrase “automated enforcement.” Relevant material was selected from
the first ten results of each hit.

Professional Associations. Chairs from several Transportation Research Board (TRB)
committees, including: Safety Data, Analysis, and Evaluation (ANB20); Traffic Law
Enforcement (ANB40); Vehicle-Highway Automation (AHB30); and Traffic Control Devices
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(AHBA45) were contacted by e-mail and asked to circulate an e-mail to members and friends of
the committee inquiring about their knowledge of currently completed research projects on
automated enforcement. Several leads were obtained for new reports, as well as information on
projects currently in progress. Over a dozen reference sources were revealed from the inquiries
to professional associations.

Scanning References and Abstracts

The initial scan for references involved broad selection criteria for screening titles and
abstracts of relevant articles to assess their eligibility for inclusion in the document acquisition
task. The title and abstract needed to demonstrate some evidence of an automated enforcement
evaluation study with some description of the number of installation sites, evidence of pre- and
post-intervention outcome measure data, and identification of statistical testing methodology.

Document Acquisition

Documents were acquired from the following libraries and document delivery services:
NWUTL; UNC/HSRC; Temple University; and TRB Publications Sales Office. Documents
were also retrieved from electronic full-text Web sites; research author correspondence; and the
project team’s in-house collections.

CRITERIA FOR SELECTION OF EVALUATION STUDIES
Automated Speed Enforcement

Automated speed enforcement studies were preliminarily reviewed for meeting the first-
and second-level study criteria:

. 1" level - Studies were reviewed to determine if they described an evaluation of an
automated speed enforcement program issuing traffic infringement citations. Program
data elements were extracted and included: country and location information, road types
targeted, fixed or mobile deployment, speed limits enforced, enforcement threshold,
penalty assessment information, public awareness information, general program
description (intensity, hours, selection of sites, etc.).

. 2" level - If studies met the above criterion, they were reviewed to determine if the
evaluation included safety-related outcome measures (crashes or injuries). Data elements
extracted included: study period including before/after periods, number and description
of treatment units, use and description of comparison group, study design and analyses,
whether traffic volume was addressed, presence of other treatment confounders (and
whether addressed), outcome measures, and key outcomes.

Checklists with these characteristics were developed in early task activities.

In order to be considered for full review, the report or journal article had to provide
detailed methodological descriptions, analyses, and results. Studies of effects on speed without
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crash or injury outcomes were not further reviewed. Neither technology and feasibility studies,
nor perception and self-report survey studies were included in this review.

Based on the issues raised in the foregoing introductory discussion, the methodological
review of automated speed enforcement studies included assessment of the following study
characteristics:

- Did the study design and analysis document changes in driving speeds as well as crashes
to provide a causal link between the treatment and effect (safety outcome)?

- Did the study account for crash severity (to ensure that the treatment is not having
counteractive effects on different types or severity of crashes)?

. Did the study methods and analysis control/account for changes in traffic volumes
before/after the implementation?

. Did the study design and analysis account for possible time trend effects (such as general
trends in crashes, or changes in the motoring population, vehicle fleet, weather, etc.)?

. Did the study account for other possible confounding factors such as concurrent

treatments/enforcement, or changes in data measures (such as reporting thresholds), or
other factors that may overlap with before/after periods?

. Did the study examine possible crash migration due to the treatment, either to non-
enforced sections of the same roadways, or to non-enforced alternate roads?
- Did the study account for regression toward the mean?

About 90 studies from 16 countries were identified as potential evaluation studies of
automated speed enforcement implementations. English-language studies only were obtained for
detailed screening based on titles or abstracts.

Of the screened studies, 39 were determined to be reports of evaluation studies of
automated speed enforcement and preliminarily reviewed for program description and evaluation
elements. Seven studies reported effects on traffic speeds, but not crash effects and were not
further reviewed. Others were excluded because they did not provide detailed study methods and
results. Other evaluation studies may be of interest to the reader, but were excluded from this
review if they did not report primarily on the effects of introduction of speed cameras. For
example, several studies compared the effectiveness of one or more treatments with automated
speed enforcement (Bloch, 1998; Hirst, Mountain, & Maher, 2005; and Mountain, Hirst, &
Mabher, 2005) or compared the effectiveness of covert and overt photo-enforcement after camera
enforcement had already been introduced (Keall, Povey, & Frith, 2001, 2002). Three studies
were excluded because later versions using the same data and/or more complete data and
analysis techniques were reviewed (Carseldine, 2004, reported on by the ARRB group project
team in 2005; Gains & Humble, 2003; Hess & Polak, 2003). Thirteen studies were identified for
detailed methodological review. Table 1 identifies this list. Detailed descriptions of the 13 key
studies are provided in Part I of the annotated bibliography in Appendix A of this report.
Appendix B presents a bibliography of the 26 screened studies that did not meet the detailed
review criteria.
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Table 1. Automated Speed Enforcement Studies for Detailed Evaluation

Citation Location of Intervention Type of
Deployment
ARRB Group (2005) New South Wales, Australia fixed
Cunningham, Hummer, & Moon Charlotte, North Carolina, mobile
(2005) United States
Goldenbeld & van Schagen (2005) | Friestand Province, the mobil
oldenbe M chage Netherlands oprie
Gains, Heydecker, Shrewsbury, & ) ) ) ) fixed and
Robertson (2004) Nationwide, United Kingdom mobile
Hess (2004) Cgmbrldgeshlre, United fixed
Kingdom
Mountain, Hirst, & Maher (2004) Great Britain, United Kingdom fixed
C(hzr(l)s(;[;e;, Lyons, Dunstan, & Jones South Wales, United Kingdom mobile
Newstead & Cameron (2003) Queensland, Australia mobile
Chen, Meckle, & Wilson (2002) British Columbia, Canada mobile
(Czlz)%rg)Wﬂson, Meckle, & Cooper British Columbia, Canada mobile
Tay (2000) Christchurch, New Zealand mobile
Elvik (1997) Norway fixed
Cameron, Cavallo, & Gilbert . . . .
(1992) Victoria, Australia mobile
The global geographic distribution of the reviewed studies was as follows:
. United Kingdom — four studies
. Australia — three studies
. Canada — two studies
] The Netherlands, New Zealand, Norway, and the United States — one study each

All of the studies were before/after assessments; most used a comparison group to control
for trend factors. Most of the studies reported effects on injury crashes, some with varying
severity levels. Several used all crashes as the primary safety measure; some included fatalities
and injuries or provided some examination of severity level.

Seven of the studies measured effects on driving speeds as well as crashes (Mountain,
Hirst, & Maher, 2004; Goldenbeld & van Schagen, 2005; Chen et al., 2000; Chen, Wilson, &
Meckle, 2002; ARRB Group 2005; Gains et al., 2004; and Cunningham, Hummer, & Moon,
2005). One of the earlier studies, although not documenting driving speed changes, assessed
program factors such as hours of operation, numbers of traffic infringement notices mailed, and
publicity level, and the relationship to crash outcomes (Cameron, Cavallo, & Gilbert, 1992).
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Automated Red Light Running Enforcement

Red light camera (RLC) enforcement studies were preliminarily reviewed for meeting the
first- and second-level study criteria:

. 1" level - Studies were reviewed to determine if they described an evaluation of an RLC
enforcement program. Program data elements were extracted and included: country and
location information, type of technology (e.g., 35mm still photo, digital still);
enforcement parameters; program traits; intersection characteristics; evaluation study
considerations; and research design.

- 2" level - If studies met the above criterion, they were reviewed to determine if the
evaluation included: treatment characteristics; concurrent treatments (warning signs,
publicity, engineering countermeasures); study design (type of study —e.g., before and
after with matched comparisons); number of treatment and comparison sites; duration of
study periods; impacts reported (e.g., type of crash, type of injury, and violation
characteristics); and other outcome measures (e.g., cost savings).

Checklists with these characteristics were developed in early task activities.

In order to be considered for full review, the study had to provide detailed
methodological descriptions, analyses, and results. Neither technology and feasibility studies,
nor perception and self-report survey studies were included in this review. The methodological
review of automated red light running enforcement studies included assessment of the following
study characteristics:

. Did the study design and analysis document changes in crashes (and or violations) to
provide a causal link between the treatment and effect (safety outcome)?

. Did the study account for crash severity (e.g., fatality, injury, property damage only) to
ensure that the treatment is not having counteractive effects on different types or severity
of crashes)?

. Did the study design and analysis account for possible time trend effects (such as general
trends in crashes, or changes in the motoring population, vehicle fleet, weather, etc.)?

- Did the study account for other possible confounding factors such as concurrent

treatments/enforcement, or changes in data measures such as reporting thresholds, or
other factors that may overlap with before/after periods?

. Did the study account for variation in signal timing differences of sites?
. Did the study account for effects of other treatments (e.g., warning signs)?
- Did the study account for regression toward the mean? Spillover effects?

About 75 studies from 9 countries were identified as potential evaluation studies of
automated red light running enforcement implementations. Countries of origin for the
preliminary list of reports and documents acquired included: Australia, Canada, Kuwait, the
Netherlands, Singapore, South Korea, Sweden, the United Kingdom, and the United States. Of
the screened studies, 44 were determined to be reports of evaluation studies of red light running
automated enforcement and preliminarily reviewed for program description and evaluation
elements. Many studies were excluded because they did not provide detailed study methods and
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results. In addition, literature review and the meta-analyses were not included in this evaluation
list. However, such reviews were read and evaluated in the study to offer insights into
methodological issues. Table 2 identifies the studies used in the full evaluation.

Table 2. Automated Red Light Running Enforcement Studies for Detailed Evaluation

Citation Location of Intervention
Council, Persaud, Eccles, Lyon, Griffith (2005) 7 jurisdictions, United States
. . Phoenix, Arizona, United States
Washington & Shin (2005) Scottsdale, Arizona, United States
Raleigh, North Carolina, United
States

Cunningham & Hummer (2005)

Garber, Miller, Eslambolchi, Khandelwal, Mattingly,
Sprinkle, & Wachendorf (2005)

8 cities, Virginia, United States

Greensboro, North Carolina,
United States

High Point, North Carolina,
United States

Synectics (2003) 6 cities, Ontario, Canada

Howard County, Maryland,
United States

Bucks County, Pennsylvania,
United States

Burkey & Obeng (2004)

Butler (2001)

All of the studies were before/after assessments; most used a comparison group to control
for trend factors. Most matched treatment and comparison sites with intersection features (e.g.,
traffic counts, car and truck ratio, amber timing phase, presence of warning signs).

While this study was primarily aimed at reviewing evaluations of prospective studies
with current methodological considerations, there were a multitude of retrospective studies (i.e.,
literature reviews, meta-analyses, and systematic reviews) from the past two decades which
could not be ignored. Table 3 identifies the retrospective studies reviewed.
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Table 3. Retrospective Studies Reviewed on Automated Red Light Running Enforcement

Citation Studies Countries
Persuad, Council, Lyon, Eccles, & 15 Australia, Singapore, United Kingdom,
Griffith (2005) United States
Aeron-Thomas & Hess (2005) 10 Australia, Singapore, United States
) Australia, Canada, Singapore, United
Hakkert & Gittleman (2004) 21 Kingdom, United States
. Australia, Canada, the Netherlands,
Retting, Ferguson, & Haldkert (2003) / Singapore, United Kingdom, United States
Australia, Singapore, United Kingdom,
McGee & Eccles (2003) 14 United States
Flannery & Maccubbin (2002) 7 United Kingdom, United States
30 Australia, Canada, Hong Kong, Singapore,

Maccubbin, Staples, & Salwin (2001)

United Kingdom, United States

Other Automated Enforcement Technology

While other AES applications were identified in the search, there were no substantive,
scientific evaluations in the research literature that warranted further investigations. Instead, the
published literature was limited to case studies and brief synopses of the location of the
deployment and the purpose of the application. Product reviews and anecdotal reports of other
AES applications found in the literature searches included: monitoring illegal railway crossings
(United States); HOV/Bus Lane (Australia, United Kingdom, United States); tailgating (Israel);
and toll booth violators (United States) (Peterson, 1995; Stoddard, 1996; Turner & Polk, 1998;
Gaunt & Stevens, 1998; Turner, 1999, Retting, 1999; Institute for Transportation Research and
Education, 2000; Transportation Development Centre, 2005). No studies were found that
evaluated the use of automated technologies for enforcing aggressive driving violations.
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RESEARCH FINDINGS
DESCRIPTION OF AUTOMATED ENFORCEMENT SYSTEM DEPLOYMENTS

Automatic enforcement systems (AES) cover a broad range of electronic devices and
systems that detect and photograph vehicle actions defined as traffic violations. The most
common uses are for speeding and red light running violations. Other less common uses include
railroad crossing violations, aggressive driving and tailgating; HOV and bus lane violations, toll
booth violations, and stopped school bus violation.

The technologies can include radar or laser detection devices, electromagnetic loops
embedded in the road, pole-mounted or portable cameras, microprocessors, and networking
devices. Most of the older systems rely upon 35mm film, which must be routinely extracted
from the units, while the newer systems employ digital and video cameras and send the
information over data networks. The systems rely on a vehicle tripping the electronic sensors
(e.g., after a traffic light changes to red or when a vehicle’s speed exceeds the posted limit by a
certain designated amount) and photographs are taken of the front and rear of the vehicle,
capturing the license plate number. Photographs are reviewed by the jurisdictional authorities.
AES equipment is subject to scrutiny and reasonable calibration procedures (Retting, 1999).

Automated Speed Enforcement

Automated speed enforcement cameras take single spot or average vehicle speeds over
several measurements. Most speed cameras use a low-powered Doppler radar speed sensor that
triggers the camera to photograph vehicles traveling above a preset speed as they pass a specified
point. The camera records the date, time, and vehicle speed, and usually is set to activate only
when a vehicle is traveling significantly faster than the posted limit. Photo radar often is
accompanied by a visible law enforcement presence to maximize the deterrence effect, but
cameras can also be deployed unattended. Photographic evidence is reviewed and a citation is
issued to the owner of the vehicle (Turner & Polk, 1998; Retting, 1999; Stidger, 2003).

Automated speed enforcement generally falls into two broad categories — fixed cameras
and mobile systems. Fixed cameras are typically mounted in boxes at fixed locations and can
continually monitor traffic speeds (without a human operator), depending on whether they are
digitally connected to an electronic system or using local data storage or wet film (which would
need to be replaced periodically). Even if the camera is not operating during certain periods, the
traveling public would likely be unaware of this fact.

Mobile camera operations are deployed from police vehicles, typically unmarked, but in
some cases vehicles are marked and operated overtly. Programs in the United Kingdom also
operate some mobile deployments mounted on tripods by the side of the road. Mobile
deployments may be rotated among sites so enforcement is not continuous at any one location.
There is wide variation among countries and jurisdictions in the covertness of automated
enforcement operations. Some mobile operations seem nearly as overt as fixed deployments (in
space if not in time), while some jurisdictions have employed unmarked and hidden vehicles and
unsigned enforcement zones in efforts to generate a more generalized deterrent effect.

17



A third type of automated speed enforcement, less frequently used at this time, is speed-
over-distance systems. These systems photograph vehicles and measure speeds at both start and
end points, and then determine whether an infraction has occurred based on the calculated
average speed. The type of deployment mode has a number of ramifications for the design and
thoughtful conduct of safety evaluation studies.

Automated speed measuring devices have been applied (and documented) to aid police
efforts in enforcing compliance with speed limits in more than a dozen countries since the early
1990s. The Insurance Institute for Highway Safety (IIHS) estimated in 1999 that about 75
countries have deployed cameras to enforce speed limits. By the late 1990s, at least eight large
cities and numerous smaller jurisdictions in the United States had piloted camera speed
enforcement (Turner & Polk, 1998). In addition, several States plus the District of Columbia
have enacted laws which allow the use of automated speed enforcement. Several of these laws
restrict the use of camera speed enforcement to specific situations (e.g., work zones, school
zones, specific hours) (ITHS, 2006).

Automated Red Light Running Enforcement

Red Light Cameras (RLCs) are set up to photograph vehicles entering intersections after
traffic signal indications have turned red. Detection of an offense is made by sensors
(electromagnetic loops) that are buried in the pavement and tied into the timing system of a
traffic signal and a pole-mounted camera (either 35 mm or digital). Because the camera’s
position is fixed, only one direction of traffic flow is monitored at an intersection. Once the
signal changes to red, the system is generally programmed with a small enforcement tolerance of
0.1 to 0.3 seconds, after which any vehicle crossing the loops will trigger the camera unit to take
two photographs (Burkey & Obeng, 2004). The first photograph is taken of the front of the
vehicle when it enters the intersection, and the second is taken when the vehicle is in the
intersection. An image is captured that includes the license plate as well as the driver and often
other passengers in the front and rear seats. Upon review of photographic evidence usually by a
qualified law enforcement agent, a citation is issued to the owner of the vehicle, who is then sent
a citation. Those charged with traffic offenses have the opportunity for judicial review
(USDOT/FHWA, 2006).

RLCs are being used all over the world in such countries as Australia, Canada, Europe,
Israel, Singapore, South Africa, the United Kingdom, and the United States. While RLCs have
been used in other countries for more than 20 years, it has been only in the last 10 years or so
that they have been used extensively in the United States (McGee & Eccles, 2003). Currently
about a dozen States in the United States are using RLC applications.

IMPACTS AND EVALUATIONS (AUTOMATED SPEED ENFORCEMENT)

Most of the peer-reviewed evaluation work of automated speed enforcement has been
done in countries other than the United States, including Australia and New Zealand, the United
Kingdom, Denmark, the Netherlands, Norway, Sweden, and more recently, Canada. The science
of evaluating road safety treatments is ever evolving but still depends on opportunistic situations,
resulting in most studies being post-hoc before/after evaluations of treatments implemented at
(high crash or perceived speeding) problem locations. Hauer’s (1997) landmark study, entitled,
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“Observational Before-After Studies in Road Safety,” attempted to provide methodological
guidance to improve the accuracy and precision of estimated safety changes attributed to safety
treatments. He described study design considerations and statistical methods to account for a
number of known confounding factors in this type of study, where treatment and sampling
methods are non-random.

Hauer (1997) demonstrated why safety should be measured in terms of crash frequencies
over some time period, not crash rates per vehicle volume (or other measure of exposure). The
use of crash rates assumes that the number of crashes increases at a constant rate with increases
in volume. This has generally been proven wrong. It is possible that crash rates may decrease
with increases in volume, even though nothing has been done to improve ‘safety.” Nevertheless,
volume does have an impact on crashes, and Hauer also argues that effects of traffic flows
should ideally be accounted for directly in model estimates, by using performance function
coefficients for similar road classes.

A variety of other trends, including crash reporting limit changes, improving vehicle fleet
safety, increasing use of seat belts and helmets, and so forth, affect the counts of crashes and
crash severity recorded over time. Property-damage-only or non-injury crashes are particularly
variable (over time as well as space) as they are dependent on individuals’ ability to estimate
costs. For example, rising costs result in more non-injury crashes being recorded over time, and
periodic adjustments in reporting thresholds cause sudden corrections. Still, for the purposes of
road safety studies, Hauer recommends police-reported crash numbers as the standard outcome
measure, but with consideration of the time trends and the uncertainty due to reporting and other
errors (including location information) that exist in the data. The types of crashes to use depend
on the target of the treatment. With treatments aimed at reducing speeds as the intermediate
outcome toward improving safety, one would expect effects on crash severity and on speed-
related crashes in general. Defining speed-related crashes from crash report data is often
difficult, however, and there may also be effects on what would apparently be non-speed-related
crashes, if speeds and speed variance are lowered.

Other possible confounders, including overlapping enforcement or other safety
treatments, should be considered on a case-by-case basis as they exist. Study design and
analyses should control for the effects of other safety countermeasures through the selection of
treatment and comparison data samples and analyses.

Ideally, comparison groups are areas that should represent overall (unmeasured or
unknown) trends, but should not be affected by the treatment at all (Hauer, 1997). Elvik (2002,
p. 631) maintains that “In general, it is reasonable to assume that a large comparison group (i.e.,
one in which the annual count of accidents is at least several hundred) includes the effects of all
factors that may produce changes over time in the long-term expected number of accidents.” In
addition to affecting overall outcomes of the treatment, spillover effects from the treatment
program may have positive or negative safety effects on the comparison group if not carefully
selected, potentially skewing results. For fixed (or conspicuous) enforcement, possible
unintended negative consequences such as crash migration from treated to non-treated sites could
occur. There are two mechanisms posited by which crashes might increase at other locations due
to site-specific, conspicuous speed enforcement. If the enforcement zone is conspicuous or
otherwise widely known, motorists may decrease speeds near the treated sites, perhaps abruptly,
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and increase their speeds before or after the treated zones to make up for lost time; this effect is
sometimes characterized as the ‘kangaroo’ effect. The other hypothesis suggests that motorists
may choose alternate routes to avoid treated locations. Thus, traffic flows may change due to the
treatment and could be partially responsible for any decreases in crashes at the camera sites, but
could contribute to crashes at alternate sites. Conversely, with covert enforcement, positive
spillover might affect comparison groups, if not carefully chosen, and if there is a perception of
widespread speed enforcement.

Another key issue with many before/after safety studies utilizing non-random site
selection (i.e., when high-crash sites are chosen for the treatment), is regression toward the mean
(RTM), the statistical tendency for high crash trends to shift toward the mean in subsequent time
periods independent of any treatment (Hauer, 1997; Elvik, 1997; Elvik, 2002). Unusually low
crash trends would similarly be expected to increase toward the mean, but since high-crash sites
are typically chosen for treatment, this is not an issue in most non-randomized evaluation studies.
If not controlled, RTM may explain a significant portion of observed changes, possibly resulting
in an over-statement of safety improvement attributable to the treatment. Hauer et al. (2002)
argued that the EB method, first applied to road safety by Abbess et al. (1981), should be the
standard of professional practice to address the RTM effect, as well as increase precision of the
estimates developed. Using this method, the weights of the safety performance functions for
similar roads are reduced as more years of data are available for the subject site. Empirical Bayes
procedures, as described in Hauer, also account for general volume trends in the performance
functions.

A final issue in safety treatment correlation evaluation studies is establishing the
mechanism, or causal link by which the treatment is hypothesized to reduce crashes (Elvik, 2004,
2005). In the case of speed enforcement, the objective is to reduce speeds (and perhaps speed
dispersion) and crashes associated with excessive or inappropriate speeds for conditions. Ideally,
then, speeds as well as safety effects will be determined in evaluation studies of automated speed
enforcement, lending support for any positive safety effects found.

In this review of evaluations of automated speed enforcement programs, we used the
issues introduced above to develop study evaluation criteria. These criteria were then used to
assess study quality and draw conclusions regarding the effectiveness of automated enforcement
programs at improving safety.

A synthesis of key study results follows. The extent to which studies addressed the
factors described above guided the level of confidence that was placed in the safety change
estimates reported. (Detailed descriptions of the studies, methods, and outcomes are provided in
Appendix A - Annotated Bibliography — Part I: Speed). The programs evaluated fell into two
broad categories based on whether the enforcement was by fixed cameras or mobile. Because
these two types of deployments differ in ways that may affect driver behavioral adaptations with
implications for study design and analysis and safety outcomes, results are described separately
for these two broad types of automated speed enforcement.

In addition, the details of public information and awareness programs, the extent of

operations, such as number of hours of enforcement, numbers of citations issued, etc., was not
consistently described across all of the key studies. Type of penalty scheme also varied; and was
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not always adequately described. And finally, an enforcement threshold was reported in only a
single paper (Goldenbeld & van Schagen, 2005).

Key Studies in Automated Speed Enforcement

The studies all reported decreases in estimated injury crashes or all types of crashes at
camera sites or system-wide following implementation of automated speed enforcement using
cameras. Table 4 provides an overview of these key studies and reported safety outcomes, along
with our general rating of study quality. Studies are in order of decreasing conspicuity of
enforcement. Results are summarized and discussed in the following paragraphs.

Table 4. Key Study Summaries — Automated Speed Enforcement

Study
Reference Gene¥'al Target R'oa'ds/Speed Key Reported Outcomes Quality
Location Limits .
Rating
1 - Fixed cameras, signs and or other alerts (brightly painted camera housings) at/near
enforcement sites
ARRB Group Rural and Not described -20% injury crashes at Medium
(2005) urban (?) camera sites
-23% casualty crashes
(injury and fatal)
(within 1 — 2.7 km)
Elvik (1997) 50, 60, 70, 80, and 90 | -20% injury crashes Med- high
km/h (31, 37, 43, 50, (within average of 5.2
56 mi/h) roads km)
Hess (2004) Rural and Rural trunk roads and | -41% weighted injury Medium
urban urban roads; major (A- crashes (within 500m
roads) and minor either direction); effects
roads (non-A) — speed higher on major roads
limits not described. and trunk roads
Mountain, Hirst, Rural (?) and | 48 km/h (30 mi/h) -25% injury crashes - High

& Maher (2004) urban

(within 500m either
direction) with ~20%
due to speed/behavior
changes and ~5 % due
to traffic diversion
-24% injury crashes
(within 1 km either
direction) with ~19%
being attributed to
changes in speed and

5% to traffic diversion.
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Table 4 (Cont’d). Key Study Summaries — Automated Speed Enforcement

Study
Reference Gene¥'al Target R'oa'ds/Speed Key Reported Outcomes Quality
Location Limits Rating

2 — Mobile cameras, signs at/near enforcement sites, marked deployment vehicles

Cunningham, Urban 56 — 80 km/h (35 - 50 -12% all crashes (corridor) | Medium
Hummer, & mi/h) high volume
Moon (2005) corridors
Newstead & Rural and Multiple -17.5% all severity crashes | Medium
Cameron (2003) urban (within 1 km)
-16% fatal & medically
treated. (within 1 km)
3 — Mobile cameras, signs at or near deployment sites
Christie et al. Rural and A majority of 48 km/h | -51% injury crashes — all Medium
(2003) urban (30 mi/h) roads, roads (within 500m
Some 97— 113 km/h either direction)
(60 — 70 mi/h) roads, | -51% injury crashes — 48
A few 64— 80 km/h (40 km/h (30 mi/h) roads
— 50 mi/h) roads -49% injury crashes — 97-
113 km/h (60 — 70 mi/h
roads
Goldenbeld & van | Rural 80 and 100 km/h (50 — | -21% injury crashes (within | Medium
Schagen (2005) 62 mi/h), single avg. of 4 km)
carriageway
Tay (2000) Urban Not described -9.2% reduction in all Medium
crashes (treatment length
not reported)
-32.3% reduction in serious
injury crashes
4 — Mobile cameras, general use of signs in jurisdiction
Cameron, Rural and 60 and 100 km/h (37 -30% day time injury Medium
Cavallo, & urban and 62 mi/h) crashes, (system-wide)
Gilbert (1992)
5 — Mobile cameras, no use of signs mentioned
Chen et al. (2000) | Rural and Multiple -25% speed-related crashes | Med-high
urban (system-wide)
Chen, Wilson, & Rural 80 or 90 km/h (50 or 56 | -16% all crashes (corridor- | Med-high
Meckle (2002) mi/h) wide)
6 — All types, fixed (including red light), mobile, speed over distance
Gains et al. Rural and Multiple -33% injury crashes Medium
(2004) urban (mobile and fixed sites)

-40% killed and seriously
injured (mobile and fixed
sites)

Fixed cameras associated
with greater reductions
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Fixed, Conspicuous Enforcement — Effects at Target Sites. Four of the reviewed studies
evaluated local effects of fixed speed camera enforcement at the targeted enforcement areas
(ARRB Group, 2005; Elvik, 1997; Hess, 2004; and Mountain et al., 2004). The study by
Mountain et al. (2004) of fixed, conspicuous enforcement on 30 mi/h roads throughout Great
Britain, controlled for changes in traffic flow, time trends, and RTM using comparison groups
for crash and volume trends, and by using the EB method for estimating crash frequency
changes. This study also provided results of speed studies documenting decreases in mean and
85th percentile speeds and percentage exceeding the limit. An earlier study by Elvik (1997)
reanalyzed data used in a previous report, and also controlled for RTM using EB methods to
estimate crash frequencies (expected and predicted). It is unclear if the other two studies
adequately controlled for RTM.

Mountain et al. (2004) indicate that fixed camera speed enforcement reduced frequencies
of injury crashes by about 25% up to 500 m from camera sites and 24% on aggregate up to 1 km
upstream and downstream of camera sites over an average 2.3-year after-period. The authors
therefore suggest that monitoring for longer distances can document greater overall crash savings
and appears not to mask effects by including areas not affected by the cameras according to the
authors. Cameras could have benefits beyond 1 km, but this study could not assess that outcome.

There was no evidence that sudden braking or speed changes resulted in increases in
crashes over the distances examined. There was, however, evidence for shifting of traffic to other
routes, sufficient to contribute 5% of the overall treatment-related decrease in crashes.

Significant RTM effects were observed for both personal injury crashes, and fatal and
serious crashes. RTM accounted for around half of observed fatal and serious injury crash
reductions, resulting in non-significant treatment effects on serious crashes.

The earlier study from Norway also found a significant reduction in estimated injury
collisions at treated locations after applying methods to control for RTM and general crash trends
(Elvik 1997). From the description of EB methods used, it is not entirely clear whether traffic
volume was properly accounted for. Elvik reported a 20% reduction in the number of injury
crashes at treated locations and a 12% reduction in property-damage-only crashes (data from one
section), but this latter result was not statistically significant. Sections that conformed to both a
crash rate warrant (crash rate of the site was higher than the crash rate for that type of road) and
crash density warrant (the segment had at least 0.5 injury accidents per kilometer of road per
year) introduced during the study period experienced a 26% reduction in injury crashes
(statistically significant), comparable to the results reported by Mountain et al. (2004). Sections
that did not conform to either of these warrants experienced a 5% reduction (not statistically
significant). The largest effects were found for roads with speed limits of 60 and 70 km/h limits
compared with lower- and higher-limit roads (but there was only one road section with a speed
limit of 90 km/h). Unfortunately, effects on speed could not be determined.

The study from New South Wales, Australia, by the ARRB Group (2005) did not assess
traffic flow changes, but did measure speeds and crash effects at adjacent sites up and
downstream of the treated segments in addition to the treated segments. In addition to reporting
reductions of about 20% in injury crashes and all crashes and of about 23% in casualty crashes
(combined fatal and injury crashes), and sustained reductions in speeds at camera sites, their

23



results suggest the possibility that driver behaviors contributed to crash migration. Proportions
of excessive speeding increased by up to 40% in unenforced segments adjacent to treatment sites
during the 24 months following implementation, and crashes increased in adjacent segments for
some locations. The researchers argue that these slight increases in crashes were more than offset
by decreases along the treated segments, but when camera length and adjacent length results
were combined, crash reductions were non-significant. The length of camera segments ranged
from a minimum of 1 km to 3.3 km (no average length reported). Up- and down-stream adjacent
segments also varied more considerably in length. RTM was not controlled in this evaluation of
effects at high-crash locations.

The study from Cambridgeshire, United Kingdom, did not assess effects of the fixed
camera program on traffic speeds, and used weights based on expected frequencies of various
crash severities in the estimating procedure for crashes. To account for trend, seasonality, and
RTM effects, multiplicative coefficients to remove time-dependent components were computed,
rather than using EB procedures. Traffic volumes were not explicitly accounted for, although the
researchers indicate that “no significant changes in traffic levels over time have been reported for
the sites under consideration other than those also observed on other sites (i.e., the regional
trend) which is [sic] accounted for in the overall time-dependent coefficients (Hess, 2004, p.
31).”

Crashes over differing distances from the camera sites were examined, and authors argue
that since highest reductions were found in the immediate surroundings of the cameras (within
250 — 500 m), no evidence was found for an increase in crashes resulting from abrupt braking
due to the treatment. Crash migration to alternate routes was not examined. It is unclear to the
present reviewers whether the time-dependent coefficients sufficiently accounted for RTM and
how the weights for crash severity might have affected these results. Confidence intervals and
significance levels were not reported for estimates of aggregate weighted injury crash reductions
of 41 percent for up to 500 m, and 21% for up to 2 km from the camera sites (Hess, 2004).

Mobile Enforcement — Effects at Target Sites. The remaining studies addressed mobile
camera enforcement, but there were varying levels of conspicuity associated with the programs.

Two studies addressed effects of mobile enforcement deployed in marked vehicles with
signs or alerts at treated sites—seemingly the most overt mobile deployment described and thus
most comparable to the fixed, conspicuous programs. Newstead and Cameron (2003) assessed
changes within a 6 km area around camera sites in Queensland, Australia. Based on the overt
speed camera operations, it was felt that effects would be primarily localized. Due to the way in
which zones of camera operation were defined, however, (5 km in rural areas and 1 km in urban
areas with multiple sites per zone), effects of up to a 6 km area of potential influence were used.
Following treatment, aggregate crash reductions were highest in the 2 km area closest to the
camera sites, but reductions were found in the 2 to 4 km areas and the 4 to 6 km areas as well (of
varying severity levels). Estimated reductions of about 18% in all severity crashes and of 22
percent in hospitalization crashes were significant for up to 2 km. This study used a comparison
group of all areas outside the defined 6 km areas of influence to account for potential
confounders and general trends, but seasonality was not accounted for. Traffic volume also was
not accounted for directly. Neither potential traffic migration nor crash migration were
considered. However, camera sites, though signed and enforced using conspicuous vehicles,

24



were selected randomly every day, and so treatment was at least unpredictable in time. Whether
this type of deployment limited the potential for adaptive behavior by drivers is unknown.
Additionally there were significant reductions in all-severity crashes in the 4 to 6 km area along
with reductions in varying severities of crashes up to 4 and 6 km. RTM was not accounted for,
although researchers discuss mitigating factors regarding site selection and implementation and a
long (six-year) before period. Effects on speed were not studied.

In the only study examined from the United States—a short-term follow-up of a pilot
program in Charlotte, North Carolina—the researchers assessed effects of an apparently similar,
conspicuous, mobile enforcement program to that in Queensland. Fourteen high-volume, high-
crash corridors were the treatment group; non-treated corridors in the city were the comparison
group, although these tended to be lower-volume corridors (Cunningham et al., 2005). This
study found aggregate effects of a 12% reduction in all crashes in the four-month after period for
the treated corridors, and slight, but significant reductions in mean and 85" percentile speeds (<1
mi/h). Confidence in these results is somewhat limited due to the program having been in
operation for only four months for this pilot study after period. Furthermore, results should be
interpreted as a short-term impact.

Three studies assessed targeted effects of mobile camera enforcement (unmarked or
covert) along with the use of informational/warning signs advising of the enforcement in the
immediate area (Christie et al., 2003; Goldenbeld and van Schagen, 2005; Tay, 2000). Each
used comparison sites to control for general trends, but did not directly control for traffic
volumes or RTM effects. Tay (2000) reported less than 10% reduction in all crashes and a 32%
reduction in serious injury crashes in the urban setting of Christchurch, New Zealand.
Goldenbeld and van Schagen (2005) reported a 21% reduction in injury crashes along treated
segments (average length of 4 km) in the rural areas of Friesland province, the Netherlands.
Although not controlled directly, long before- and after-study periods in Goldenbeld and van
Schagen may reduce the likelihood of RTM effects. Christie et al. (2003) estimated a 51%
reduction in injury crashes for sections 500 m in either direction along camera sites in South
Wales, United Kingdom. None of these studies examined possible effects on traffic flow, or
crash reductions that might have been due to traffic flow changes as opposed to speed reductions.

At the opposite end of the spectrum from fixed, conspicuous enforcement, was a
Canadian program utilizing covert, mobile enforcement. Two papers by Chen et al. explored the
effects of mobile enforcement province-wide in British Columbia (2000), and along one highway
corridor on Vancouver Island (2002). The results of the study of province-wide effects are
reported below under system-wide effects.

Chen et al. (2002) examined corridor-wide safety effects using a comparison group and
EB methods to control for trends and RTM. Results indicate that the mobile-radar program
resulted in reduced traffic speeds at the treated sites and at a non-treated location along the
corridor for two years following implementation (Chen et al., 2002). Results suggest generalized
crash reductions of 16% (= 7%) throughout the corridor with no evidence of crash migration to
non-deployment locations (non-photo-radar influenced) to compensate for time loss (kangaroo
effect). An estimated decline of 14% (£ 11%) in collisions (all severities) occurred at the treated
locations (1 km either direction) and a 19% (+ 10%) reduction in collisions occurred at the
interleaving non-treated locations (> 1 km from camera site). An examination of crash severity,
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was not, however, provided. The researchers maintained that no realistic alternate corridors were
available, so traffic and crash migration to other non-enforced roadways was assumed not to
have occurred. Enforcement was unpredictable in time and space and relatively frequent in
space (rotated among the 12 sites along the 22 km corridor). Results may not be generalizable to
other corridors with different enforcement parameters or other characteristics. Effects of a
publicized, province-wide automated enforcement program may also have contributed to
spillover effects on the reference group, possibly resulting in understatement of effects.

A study by the PA Consulting Group of the National safety camera program in the United
Kingdom evaluated the speed and casualty effects, along with public acceptance, and costs and
benefits and program administration, of fixed (including red light), speed-over-distance, and
mobile camera enforcement under the cost-recovery system (Gains et al., 2004). The program,
begun with eight counties in 2000 and expanded to 24 partnership areas by April 2002 (the focus
of this study), allows local road safety partnerships to recover their costs of administering
automated enforcement programs, subject to strict criteria. Guidelines for the partnerships,
management and expenditures, public communication, site selection (includes collisions
warrants and review for other engineering solutions), fixed camera conspicuity, and monitoring
of results were established. The study included effects of new installations, as well as effects of
increased conspicuity, and joining the cost recovery program.

On average, across all new camera sites, there were reductions in speeds and reductions
in percentages of speeders and excessive speeders, with greater reductions at fixed-camera
installations. Successive speed measures suggested that fixed sites also have a more immediate,
but sustained impact, with mobile sites taking somewhat longer for the full speed effect
(reduction). Personal injury crashes were reported reduced by 33%; numbers killed and
seriously injured were reduced by 40% on average with higher reductions at fixed-camera sites
and in urban locations. Thus, there appears to be a reduction in the number of injury, serious
injury crashes, and speeds following the introduction of cameras. RTM was not, however
controlled, but the authors argue that it should not be a factor because the number of crashes was
not the sole criterion for site selection. It was, however, a primary factor in the cost-recovery
program. The effects on traffic flow were also not accounted for. Especially in the use of the
highly conspicuous, fixed cameras, which showed the highest local reductions in injury crashes
and serious injuries and fatalities, effects on traffic diversion and potential crash migration could
be an issue.

Mobile Enforcement — System-Wide Effects. The more covert the speed enforcement,
the more generalized the effects that might be expected. Two studies attempted to assess general
area-wide effects of automated camera enforcement on safety. Both of the programs utilized
covert enforcement. The British Columbia, Canada, ASE program apparently used no warning
signs advising of the automated speed enforcement although there was general publicity of the
program (Chen et al., 2000). The Victoria, Australia, program likewise publicized the campaign
and in addition, used general warning signs of the program in the region (for example at all
major entrances to the city of Melbourne), but did not sign specific automated enforcement zones
(Cameron et al., 1992).

In British Columbia, a significant reduction in mean speeds at monitoring sites lacking
photo radar enforcement suggests a generalized province-wide decrease in speeding following
program implementation (Chen et al., 2000). The estimated 25% reduction in daytime, unsafe
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speed-related collisions province-wide and reductions in victims carried by ambulances (-11%)
and in fatalities (-17%, trend) concurrent with reductions in speed indicates that the program was
effective at improving safety. The study did not examine possible effects on other-injury or no-
injury crashes. The study could not rule out effects of confounding programs (such as an
overlapping alcohol enforcement program), but through the research design (use of daytime only,
speed-related collisions, and daytime serious injuries and fatalities, even though the program had
some nighttime hours of operation), attempted a conservative approach to estimating the safety
effect. It is unclear how the use of speed-related crashes compared with all crashes or all-injury
crashes might change the estimates of safety effects. The evaluation covered only the first year of
operation and thus, longer-term impact or sustainability, was not addressed. A long before-study
period (five years) and the use of province-wide crashes would seem to reduce the likelihood of
RTM playing a role in these results. The possibility of crash migration could not be examined in
this study of province-wide effects, nor in the following study, but is thought to be unlikely due
to the covert and mobile nature of the deployments.

A study of the state- and citywide effects of automated photo-enforcement from Victoria
and Melbourne, Australia, was one of the earlier studies of automated speed enforcement
(Cameron et al., 1992). This study, using time-trend analyses, found that estimated system-wide,
daytime casualty (fatality and injury) crashes were reduced by about 20% statewide from before
to after full implementation of the speed camera program and associated publicity. Crashes were
reduced by about 21% in the urban area of Melbourne (where more enforcement took place) and
by a little less in the rural areas of Victoria. Crash reductions were highest on arterial streets in
Melbourne, and 60 km/hr rural roads in the province. Again, since the study examined system-
wide effects, RTM may not be a serious issue. Effects on traffic speeds were not documented,
but the study found evidence of effects of program intensity. Crashes and crash severity in
Melbourne were significantly related to number of traffic infringement notices mailed (system-
wide), and crash severity was also related to hours of operation, providing more support for a
program effect.

One systematic review of automated speed enforcement evaluations was identified.
Pilkington and Kinra (2005) provided a systematic review of 14 studies, a number of the same
papers were included in this review. They established six study quality measures and established
a three-point scale, from 0-2, for each measure. The quality criteria established were:
“representativeness of the study areas to general population; control areas being representative of
intervention areas; objective and valid outcome(s); results provided with estimates of
uncertainty; main conclusions based on primary study hypotheses; and important confounders
measured and controlled for.” Studies were given numerical ratings based on the sum of their
scores on individual measures, with scores of 9-12 rated as good, 6-8 rated as average, and 0-5 as
poor. They concluded that, although study quality was in general poor (half of the studies
received the lowest average rating of 6, the remainder were lower), that the research consistently
shows that speed cameras are an effective intervention in improving road safety.
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IMPACTS AND EVALUATIONS (AUTOMATED RED LIGHT RUNNING
ENFORCEMENT)

Most of the peer-reviewed evaluation work of red-light running automated enforcement
(using cameras) has been done in Australia, Canada, the Netherlands, Singapore, the United
Kingdom, and the United States; and like speed enforcement evaluations, it is dependent on
opportunistic situations, resulting in the studies being post-hoc before/after evaluations of
treatments implemented at high red light running crash and violation intersection locations.

Retrospective Studies

A broad concern over the study methodologies that have been used to evaluate the impact of
red light camera (RLC) systems on violations and crashes at intersections is reflected in the number of
research reviews, syntheses, and meta-analyses recently published on this topic (Flannery &
Maccubbin, 2002; McGee & Eccles, 2003; Retting, Ferguson, & Hakkert, 2003; Hakkert & Gitelman,
2004; Aeron-Thomas & Hess, 2005; and Persaud, Council, Lyon, Eccles, & Griffith, 2005). This
body of work, generally, has identified sources of variance in outcome measures that have not been
controlled and/or have not been adjusted for in the statistical analysis methods used to quantify RLC
treatment effects in research to date. After acknowledging such shortcomings, recent syntheses have
applied criteria to select the most rigorous evaluations described by existing literature, then have
focused on this subset of studies to arrive at estimates of the direction and magnitude of changes in
safety related to RLC installations. Recommendations for improved research designs to obtain more
reliable measures of RLC effectiveness have also been suggested.

As noted in these literature reviews, another difficulty with past studies has been the likely
exaggeration of positive effects (reductions in crashes and/or violations) due to a “regression to the
mean” at RLC treatment sites. Since RLC installations are typically located at sites described by the
highest frequencies of events—instead of, for example, by random assignment—part of any reduction
observed at these sites after RLC installation may simply reflect data that fall more in line with area-
wide averages for the outcome(s) of interest, which would be expected with or without the RLC
treatment. Many of these studies also failed to account for “spillover effects,” where the installation of
RLC systems at isolated locations may (hypothetically) influence motorist behavior within an entire
jurisdiction. This phenomenon, if real, is highly desirable from a cost-effectiveness standpoint; at the
same time, ignoring it will lead to an underestimate of RLC benefits.

These retrospective literature reviews are usually very limited in describing the explicit details
of previous RLC evaluation studies. Even the most comprehensive reviews that can be found in the
technical literature today ignore aspects of intersection operations that profoundly influence motorist
behavior. Setting aside the rare cases where individuals completely fail to detect a red signal, drivers
who choose to enter an intersection after red onset include those who are caught in a “dilemma zone”
during the yellow phase, and are genuinely uncertain about their ability to safely stop in the distance
available, and those who are able to stop comfortably in the distance available but deliberately
continue into the intersection after the yellow phase has timed out. Conventional wisdom has it that
traffic engineering measures (e.g., the all red clearance interval) target the former group while RLC
treatments (and other types of enforcement) target the latter group (see Hakkert & Gitelman, 2004).
While this may be true, the impact of traffic engineering measures are nevertheless demonstrated on a
population basis; a shift across the entire distribution of motorists, for any number of behaviors
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upstream of or at an intersection—including but not limited to red light infractions—may be expected
as a function of RLC warning sign placement, RLC sign conspicuity, length of the signal cycle,
duration of the yellow phase, etc. These influences must be formally accounted for in continuing
efforts to evaluate RLC effectiveness.

Given all of the methodological concerns and limited detailed descriptions of study
design and characteristics, the retrospective studies (i.e. literature reviews, meta-analyses, and
systematic reviews) from the past two decades should not be ignored. Many of these reviews
identified violations as the key outcome measure. Studies of United States RLC installations
identified violation reductions from 20% to 87%, but more than half of the studies reported a
reduction in the range of 40 to 60% (Maccubbin et al., 2001). Studies from around the world
reported similar results (Winn, 1995; Mullen, 2001; Lum and Wong, 2003; Zaal, 1994; Chin,
1989). One study reported reductions in violations for nearby signalized intersections without
the RLC installations. The researchers suggested some sort of improved driver compliance or
“spillover” effect at these other locations in the vicinity of the treatment (Retting et al., 1999).

In addition, the retrospective studies which also included crash frequency outcome
measures reported, for the most part, a decrease in angle crashes with a slight increase in rear-
end crashes (Hillier et al., 1993; Mann et al., 1994; Fox 1996; Retting & Kyrychenko, 2002;
McGee & Eccles, 2003). The longer-term impact studies of RLC effectiveness (three- to five-
year range) showed mixed results in crash reduction. Hillier et al. (1993) and Fox (1996)
showed a reduction in crashes, but Andreassen (1995) actually showed an increase. Retting and
Kyrychenko (2002) reported a reduction in injury crashes in cities with RLCs installed compared
with nearby cities without the RLC treatment.

Key Studies in Red Light Running Enforcement (Prospective Studies)

A synthesis of key study results follows. The extent to which studies addressed the
factors described above, guided the level of confidence that was placed in the safety change
estimates reported. (Detailed descriptions of the studies, methods, and outcomes are provided in
Appendix A - Annotated Bibliography — Part II: Red Light Running). Like the speed
enforcement evaluation studies, details of public information and awareness programs,
placement of warning signs (e.g., approach to intersection, jurisdiction border), the extent of
operations (e.g., RLC installations completed over the course of a few months, not
simultaneously), amber signal timing length, etc., were not consistently described across all of
the key studies. Type of crashes, and injury severity accounts also varied across the key studies.
When violation outcome measures were used in the study, it was not always clear whether these
were all paid citations or if a percentage were dismissed upon judicial review and hearing.

In general, the key studies focused primarily on crash frequencies and rates; type of crash
(e.g., angle, rear-end); and severity of the crash (e.g., property damage only, injury, fatality). In
general, RLC treatments contributed to a small but statistically significant decrease in total right-
angle crashes (Council, Persaud, Eccles, Lyon, & Griffith, 2005; Cunningham & Hummer, 2005;
Washington & Shin, 2005), yet were associated with an increase in total rear-end crashes
(Council et al 2005; Garber, Miller, Eslambolchi, Khandelwal, Mattingly, Sprinkle, &
Wachendorf, 2005; Burkey & Obeng, 2004; Butler, 2001; Washington & Shin, 2005). In
addition, only two studies varied from these general results (Garber et al., 2005; Cunningham &

29



Hummer, 2005; Butler, 2001). Two of the selected studies reported a significant reduction in
injury right-angle crashes (Council et al., 2005; Synectics, 2003). Other studies reported
insignificant increases in total-injury crashes (Garber et al., 2005); and insignificant increase in
severity crashes, but significant increase with property-damage-only crashes (Burkey & Obeng,
2004; Synectics, 2003). Only two of the studies looked at frequency of citations before and after
treatments; these researchers found significant reductions in citations (Garber et al., 2005;
Cunningham & Hummer, 2005).

Table 5 provides an overview of these key studies and reported safety outcomes, along
with our general rating of study quality. A brief summary and evaluation of the impacts of the
key studies follows. They are presented in chronological order by the most recent date of
publication.

One of the most statistically defensible studies was recently conducted by Council,
Persaud, Eccles, Lyon, and Griffith (2005) for the Federal Highway Administration (FHWA).
They used an empirical Bayes (EB) before-and-after (B/A) approach with a large selection of
signalized treatment intersection sites (132), signalized comparison intersection sites (408), and
unsignalized comparison intersection sites (296) across 7 jurisdictions in the United States. Data
on amber signal timing phases; traffic volume; and publicity were also collected for each
intersection. They found crash effects that were consistent in the direction of those found in
many previous studies. That is, a decrease in right-angle crashes, yet an increase in rear-end
crashes. They also conducted an economic effects analysis based on an aggregation of right-
angle and rear-end crash costs for two severity levels (property-damage-only and all other injury-
related). They found that RLCs do provide a modest aggregate crash-cost benefit. In addition,
further disaggregate analyses of the economic effects were conducted to try to isolate the factors
that would favor or discourage the installation of RLCs. It was found that RLCs should be
considered at intersections with any of the following operating conditions:

. A high ratio of right-angle crashes to rear-end crashes

. Higher proportion of entering average daily traffic (ADT) on the major road
. Shorter cycle lengths and green timing phase periods

- One or more left-turn protected phases

The researchers also concluded that the presence of warning signs at both RLC intersections and
city limits and the application of high publicity levels would be effective strategies to enhance
the benefits of RLC systems.

In Arizona, a study funded by the Arizona Department of Transportation and FHWA,
used 24 treatment sites in Phoenix and Scottsdale, Arizona. The researchers used four different
statistical analysis approaches (simple before and after [B/A] with ratio of durations, B/A with
traffic flow corrections, B/A with comparison group, and EB B/A approach) to deal with the
technical challenges and assess the sensitivity of results to analytical assumptions. They
analyzed crash type and severity; amber signal timing phase; approach speeds; left-turn phasing;
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Table 5. Key Study Summaries — Red Light Running Enforcement

Study Period (in
months) Number of
7 Total and Pre- Intersections Key Reported
Reference Study Locations intervention/Post- Evaluated Outcomes
intervention (Test/Control *)
Periods
Council, Persaud, Baltimore, MD 72 (on avg.) 60/12 | 132/408 and 296 Aggregate results
Eccles, Lyon, & Charlotte, NC (on avg.) unsignalized showed decrease in
Griffith (2005) El Cajon, CA control right angle crashes
Howard County, and reduction in
MD injury-related;
Montgomery increase in rear-
County, MD end crashes and
San Diego, CA injury-related;
San Francisco, CA positive cost-
benefit found
Washington & Phoenix, AZ 72 (36/36) 11/249 Reduction in angle
Shin (2005) Scottsdale, AZ 180 (72/72 on avg) | 15/925 and left-turn
crashes
outweighed
increase in rear-
end crashes. Net
crash benefit
relatively large in
Scottsdale
Cunningham & Raleigh, NC 74 (67/7) 7/10 Reduction in total
Hummer (2005) crashes, angle and
rear-end crashes
Garber, Miller, Arlington, VA 72 (36/36) 12/33 (Fairfax Reduction in
Eslambolchi, Fairfax City, VA (crash data) Cty) number of
Khandelwal, Falls Church, VA 9 (6/3) 11/0 (other cities) violations; net
Mattingly, Vienna, VA (violation data) decrease in red-
Sprinkle, & light running
Wachendorf crashes (angle
(2005) versus rear-end)
Burkey & Obeng Greensboro, NC 57 (26/21) 18/285 Increase of most
(2004) High Point, NC intersection crash
types
Synectics (2003) Toronto, Ontario 84 (60/24) 48/12/17 Reduction in fatal

Hamilton, Ontario
Ottawa, Ontario
Hamilton, Ontario
Peel, Ontario
Waterloo, Ontario

and injury crashes.
Cost-effective
treatment for
reducing injury
and fatalities
related to
intersection
crashes
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Table S. (Cont’d) Key Study Summaries — Red Light Running Enforcement

Study Period (in
months) Number of
. Total and Pre- Intersections Key Reported
RefOee RALAL TR intervention/Post- Evaluated Outcomes
intervention (Test/Control *)
Periods
Butler (2001) Howard County, 60 (30/30) 2/8 Reduction in angle
MD crashes at test
Bucks County, PA sites, not
significant

* Control sites defined as those intersections without a red light camera installation

traffic volume; and presence of warning signs and publicity. The results were as follows: both
cities showed reduction in angle crashes by 14 and 20% for both treatment and control sites,
respectively. However, only one of the cities showed a reduction in left-turn crashes (45%).
Rear-end crashes increased in both cities by 20 and 41%, respectively. The total number of
crashes was unchanged in Phoenix, but in Scottsdale they were slightly reduced (11%). It was
found that RLCs appear to systematically reduce the frequency of angle- and left-turn crashes at
intersections; however, the frequency of rear-end crashes increases (Washington & Shin, 2005).

The Arizona study found that when crash severities and costs were considered and
intersections were analyzed as an aggregate (and not by individual sites), RLCs provided modest
to relatively large benefits. Phoenix showed only a net safety benefit of $4,504 per year (for the
10 target approaches) and Scottsdale showed a net safety benefit of $684,134 per year (for the 14
target approaches), primarily based on the fact that in Scottsdale the RLCs contributed more to
decreasing fatal and injury angle- and left-turn crashes than to decreasing property-damage-only
(PDO) crashes (Washington & Shin, 2005).

The researchers warned that examination of crash frequencies alone was not sufficient to
understand the impact of RLCs. It was apparent through close examination that the severity of
crashes was affected by RLCs, and this outcome was an important study consideration in the
adoption and or implementation of such RLC programs. The small sample sizes (of installation
sites) did not provide statistical evidence on the effects of warning signs. The researchers
speculated that drivers seemed to be less likely to run red lights but more likely to rear-end a lead
vehicle when they were warned that a RLC was present. In addition, other study limitations
were revealed, including: variations in amber signal phasing across installations; differences in
traffic volume across intersection sites; and differences in general publicity programs across each
city (Washington & Shin, 2005).
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A recent North Carolina study (Cunningham & Hummer, 2005) used matching treatment
(7) and comparison sites (10) in two cities (Raleigh and Chapel Hill), and conducted three types
of before and after crash analyses (causal factors, a comparison group analysis, and an improved
comparison group analysis accounting for the halo effect) applying a chi-square test of
independence. For the causal factors (time and traffic flow) analysis, total crashes, red light
running (RLR)-related crashes, and angle crashes decreased by 30 to 51%, with only a very
slight increase in rear-end crashes (2%). For the comparison group analysis, where comparison
sites were chosen in a near random fashion, total crashes, RLR-related crashes, angle crashes,
and rear-end crashes decreased by 17 to 42%. For the comparison group accounting for the halo
effect, total crashes, RLR-related crashes, angle and rear-end crashes all decreased by 14 to 35%.
The smallest decrease was shown for total crashes at the comparison sites (accounting for the
halo effect); however, this crash type still showed a substantial decrease associated with the
installation of the cameras (a 14% decrease). The researchers noted that seasonality effects could
have influenced the results of the analysis, because weather and driving patterns change over
time and the study did not have a full year of data in the “after” period. The “before” period of
study included several years of data. The chi-square test revealed a significant reduction in the
frequency of “dangerous” red light running violations (entry into the intersection two or more
seconds into the red-light signal phase).

A study of the effects of RLC treatments on red light running violations and crashes was
conducted in northeastern Virginia (Fairfax City, Fairfax County, Falls Church, and Vienna).
Violation data were collected at 22 RLC treatment intersections over the course of a 6-month
period. The study compared the first three months of post-installation data with the second three
months of post-installation data. The number of citations for red light running varied
substantially by intersection; but citations decreased by an average of 21% per intersection from
the first 3 months of study versus the latter 3 months (Garber, Miller, Eslambolchi, Khandelwal,
Mattingly, Sprinkle, & Wachendorf, 2005).

Crash data were collected at 12 RLC sites with 33 non-camera (comparison) intersections
in Fairfax County; 2 RLC sites in Falls Church; 6 RLC sites in Vienna; and 3 RLC sites in
Fairfax City. Six years of crash data were collected (three pre- and three post-). Basic crash
analyses (using #-tests and paired sample tests) showed that there were some statistically
significant decreases in the number of crashes in two of the four jurisdictions; however, there
were mixed results for total crashes and total angle crashes, and non-significant increases in total
injury crashes. At this level of analysis, the researchers suggested that RLC enforcement
reduced the number of crashes attributable to red light running (i.e., crashes where one or more
drivers were charged with failure to yield to a stop light). Further analyses (using Analysis of
Variance and EB methods) indicated that RLCs were contributing to a definite increase in rear-
end crashes, combined with a net decrease in injury crashes attributable specifically to red light
running; a possible decrease in angle crashes, and an increase in total injury crashes was also
demonstrated. Therefore, RLCs lead to a net improvement in safety only if the severity of the
eliminated red-light-running crashes is greater than that of the induced rear-end crashes (Garber
et al., 2005).
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In addition, when comparing crash frequencies with site characteristics, it was found that,
despite an overall increase in crashes, RLCs lead to a decrease in crashes under the following
circumstances: higher speed limits; higher traffic volume; fewer through lanes; an amber phase
that exceeds the ITE standard; and lower truck percentages (Garber et al., 2005).

In North Carolina, a large study funded by the U.S. DOT Research and Special Programs
Administration examined 18 treatment and 285 control sites in two small urban areas
(Greensboro and High Point). In addition to crash type, severity, and frequency, and citation
frequency data, the following operational and geometric characteristics were identified for
analysis: amber signal timing phases; number of lanes; traffic volume; presence of median;
posted speed limit; and average daily traffic volume. A randomized trial design was not
possible; instead, the researchers used signalized intersections without cameras in the same
communities as the treatment sites as controls. The RLCs were installed at intersections with
crash rates at least twice as high as other intersections in the cities (Burkey & Obeng, 2004).

RLC camera installation resulted in a broad range of results with respect to crashes, from
a 30.8% decrease to a 68.8% increase. There was an increase in rear-end crashes, a small
increase in angle crashes, and a decrease in left-turn/same-roadway and left-turn/different-
roadway crashes. A Poisson Regression Model controlling for weather, traffic volume, and
intersection characteristics was applied. The model estimated a very large impact of RLCs on
rear-end crashes (a 78% increase). For crash severity, RLCs were found to have a large and
statistically significant effect on property-damage-only and possible-injury crashes. There was a
positive but not statistically significant effect on severe crashes. The researchers concluded that
the results did not support a conclusion that RLCs reduce crashes. In fact, they pointed out that
the installation of these AESs are a detriment to safety (Burkey & Obeng, 2004). This study has
been critiqued by researchers from the Insurance Institute for Highway Safety (Kyrychenko &
Retting, 2005), who have questioned the study methodology with respect to the comparison site
locations (same community suggests a possible spillover effect) and the lack of random
assignment of RLC sites.

In Canada, a recent study in six Ontario municipalities assessed the combined effect of
two red-light-running countermeasures (RLCs and stepped-up police enforcement) for
intersections with a high incidence of red-light-running-related crashes. There were 19 RLC
treatment sites, 17 police enforcement sites, and 12 comparison sites. Sites were matched
according to duration of amber and red signal phases, number and type of lanes, traffic volume
and truck volume, posted speed limit, and placement/visibility of signal heads. An EB method
was used for deriving estimates of the overall effectiveness of the two treatments. That is, a
comparison between the expected number of crashes that would have occurred if the treatments
had not been implemented, and the observed number of crashes that actually occurred with the
treatments implemented provided the basis for the safety effectiveness evaluation at the 48 study
sites. RLC treatments contributed to a 6.8% decrease in fatal and injury crashes; and an 18.5%
increase in property-damage-only (PDO) crashes. For angle crashes, RLC treatments
contributed to a 25.3% decrease in fatal and injury angle crashes; and a 17.9% decrease in PDO
angle crashes. For rear-end crashes, RLC treatment crashes contributed to a 4.95% increase in
fatal and injury rear-end crashes; and a 49.9% increase in PDO crashes (Synectics, 2003).
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A final study evaluated the effectiveness of RLCs in Howard County, Maryland, which
had been implementing automated enforcement for red-light-running violators for over eight
years at the time of the study. A chi-square analysis was performed in a before-treatment versus
after-treatment study, using two treatment sites. Four sites in a neighboring State (Pennsylvania)
were chosen as control sites, to assess spillover effects; traffic volume and signalization
characteristics were matched at the treatment and control sites. A third site type (“non-
treatment”) consisted of four intersections adjacent to the treatment sites in the same county,
with non-operable RLC camera mounts. While there were no significant differences in the rate
of right-angle crashes between the treatment sites and control sites, or between the non-treatment
sites (non-operable cameras) and the control sites, there was a significant difference in right-
angle crashes between the before- and after-camera-installation time periods at the two treatment
sites, indicating that the difference can be attributed to the presence of RLCs (Butler, 2001).
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INTERPRETATION OF FINDINGS AND METHODOLOGICAL CONCERNS
AUTOMATED SPEED ENFORCEMENT

The reviewed studies evaluated a mix of fixed and mobile, varied conspicuity, automated
speed enforcement programs over a variety of urban/rural locations, speed limits, and road types.
Program parameters such as penalties, enforcement thresholds, publicity, and enforcement
intensity also varied among the programs; therefore, generalizing conclusions among the
programs was not attempted. All of the studies attempted to control for general trends that may
affect crash frequencies, although in some cases comparison groups may have been affected by
the treatment or by other enforcement programs or treatments. In other instances, the
comparison group may have been outside the jurisdiction and it is often not clear whether before
period general crash trends, possible confounding countermeasures, and other factors were the
same between treatment and comparison groups.

The studies using EB methods attempted to control for general traffic volumes. Most of
the remaining studies controlled only indirectly for traffic volume/exposure (through the use of
comparison groups) although the two system-wide studies used proxies for overall travel. Elvik
(2002) argues that general trends in traffic volume are adequately controlled using a comparison
group, and that statistically estimating effects due to traffic volume will result in double
counting. This conclusion seems, however, not to take into account that traffic flows may
change differently for the treatment and comparison groups, due to the treatment itself or to other
confounding factors. If traffic before and after traffic flows are not measured and accounted for
in models, such information would remain unknown. One would presumably also want to know
what proportion of the safety effect is due to traffic diverting to alternate routes since that may
impact safety and operations on the other routes. One of the reviewed studies (Mountain et al.,
2004) examined “before” and “after” traffic flow. The differences in national trends and site
trends were attributed to the treatment since changes due to other causes were ruled out, and
amounted to 5% of the overall 25% treatment effect.

Only four of the studies attempted to control for regression to the mean (RTM); three of
these used EB procedures. These confounding factors are all difficult issues to address in studies
utilizing ‘natural experiments;’ but if not controlled, may introduce inaccuracies in safety
improvement estimates. All of the studies—including those studies accounting for trends, RTM,
and traffic flow—found significant reductions in estimated crashes following program
implementations; about half of the studies also documented reductions in speeds that suggested a
plausible link between the treatment and the safety effect.

The treatment area or segment length for which an improvement was reported was
variously defined, particularly with respect to mobile enforcement zones. A few of the studies
examined camera treatment effects over different distances or areas in an effort to ascertain what
‘catchment area’ size (and shape) best captured safety effects (Chen et al., 2002; Christie et al.,
2003; Mountain et al., 2004; Hess, 2004). Two of the reports that examined effects for different
distances from camera sites found benefits were greatest nearest to camera sites, but Mountain et
al., (2004) found proportional effects when they extended the area up to 1 km in either direction
that were comparable to those observed when they included only 250 m or 500 m. Thus, they
were able to capture larger overall reductions in crashes. Chen et al. (2002) found that crash
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reductions were actually somewhat greater (not significantly) at interleaving, non-enforced zones
more than 1 km from covert, mobile camera sites. Other researchers examined even larger
treatment zones, up to entire corridors. It is unknown whether effects would have been lower or
higher had they examined effects over different distances.

Estimates of injury crash reductions at treated sites (of varying lengths) from three
studies, two of which were among the best-controlled studies of the effects of fixed cameras
were in the range of 20 to 25 percent (ARRB Group, 2005; Elvik, 1997; and Mountain et al.,
2004). Two of these controlled for volume and RTM (Elvik, 1997; and Mountain et al., 2004)
and two documented reductions in speeds as well as crashes (ARRB Group, 2005; and Mountain
et al., 2004). Using EB procedures, the latter group also documented significant and sizable
crash-reduction effects due to RTM—up to half of observed fatal and serious crashes—
highlighting the importance of controlling for RTM. While program effects on fatal and serious
crashes were non-significant with RTM controlled, the authors argue that this result is not
unexpected, due to generally lower levels of fatal and serious crashes. The authors suggest that
this result is not unexpected due to the relatively low numbers of serious injury crashes on the
treated segments and argue that sites with large numbers of less serious crashes can also benefit
from increased enforcement and perhaps proactively prevent more serious crashes.

One would not expect fixed speed enforcement to have a pronounced beneficial effect
outside of the specific treated locations and none of the studies examined system-wide effects of
fixed speed camera deployments. There may, however, be negative system-wide effects if
adaptations become extreme enough to offset improvements at treated sites. Whereas fixed
deployments may operate more continuously at a specific location, perhaps resulting in more
rapid and larger site improvements, the conspicuity and ‘dependability’ of this type of
enforcement means that drivers may adapt more readily to its presence and change routes or
modify speed only over a certain distance, and perhaps even increase speeds at non-enforced
segments.

A couple of studies found evidence of traffic diversion and speed adaptations to fixed
speed cameras. Mountain et al. (2004) estimated the effects of the treatment due to changes in
traffic flow to be about 5% of the 25% overall reduction due to the treatment; presumably, the
remaining 20% was due mostly to speed reductions. While the traffic flow changes had a
beneficial effect at the enforced sites, this result suggests the possibility of a negative impact on
alternate routes or locations. The ARRB Group (2005) documented increases in speeds and
crashes over a two-year period at some non-enforced sites adjacent to treatment sites. Their
results also suggest the possibility of driver adaptation and of crash migration resulting from the
treatment. In this case, the likely scenario is that drivers increased speeds at non-enforced
locations in advance of and following the enforced sites to make up time. They found, however,
that the increases did not offset the reductions in crashes at camera sites, but crash reductions
across treated and adjacent segments combined were non-significant. Both of these studies
underscore the importance of evaluating crash effects over distances beyond the perceived
impact zone, and of monitoring traffic flow around conspicuous or fixed camera sites and
alternate routes.

Reported reductions for mobile enforcement programs were more variable, perhaps
reflecting in part the variable nature of the enforcement including conspicuity and intensity, as
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well as differing sampling and study methodologies. Only one study of mobile enforcement
controlled for RTM as well as general trends. This study of a covert enforcement program found
a 16% corridor-wide reduction in all crashes (effects similar at inter-leaving non-deployment and
12 deployment locations) along a 22 km corridor (Chen et al., 2002). It is possible that effects of
the same widely-publicized automated enforcement program, which had been previously
reported to have a province-wide effect, may have influenced the comparison group and resulted
in the treatment effect being underestimated.

Other studies of more overt mobile deployments found a wide range of crash
reductions—from about 9% to 18% in all crashes, and from 21% to 51% in injury crashes at the
treated locations. Confidence in these results is limited based on lack of control for RTM, short
study periods for some studies, issues with comparison groups, and other factors. In the cases of
signed mobile camera enforcement zones and otherwise conspicuous mobile enforcement,
motorists might also avoid the area or adapt speeds over short distances, even though cameras
are not present at all times. None of the studies of overt, mobile enforcement operations has
directly examined the possibility of traffic or crash migration to non-enforced routes or
segments.

At the opposite end of the spectrum, there may be less opportunity for behavioral
adaptations to covert mobile enforcement to negatively impact crashes at non-treated locations.
A more generalized deterrent effect over a wider area might also be a goal of the treatment. Two
of the studies examined system-wide (entire province/State) effects of mobile enforcement and
found reductions of 20% in daytime casualty crashes, and of 25% in daytime, unsafe speed-
related crashes, respectively (Cameron et al., 1992; Chen et al., 2000). Chen et al. (2000) also
documented generalized speed reductions. While there may be unknown confounding factors,
both studies used time-trend analyses to account for general trends, proxy measures to adjust for
travel exposure, and Cameron et al. (1992) also used a neighboring State as a comparison group
until automated speed enforcement was also implemented in that State.

Since mobile cameras are not used continuously at a single site, site-specific effects of
mobile cameras may also take longer to be realized, or appear to be lower than for fixed sites, as
reported by Gains et al. (2004). It is possible, however, that benefits are spread over a wider area,
and are not being fully captured in the studies that examined effects only over limited areas
surrounding treated sites.

While program and study differences prevent a generalized conclusion about the safety
improvement that may be expected from automated speed enforcement programs, Hirst et al.
(2005a) analyzed the relationship between speed reductions and crash reductions in a comparison
study of engineering and automated enforcement treatments. They argue, based on results of
models, that each 1 mi/h speed reduction on 30 mi/h roads will result in about a 4% reduction in
crashes for sites treated with cameras. While larger percentage crash reductions are predicted for
lower speed roads, the larger speed reductions achieved on higher speed roads should result in
overall greater safety improvement for those roads; the data were all from 30 mi/h roads,
however, so the generalizability of the model to predict impacts on higher speed roads is
unknown.
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These same authors also found that both horizontal and vertical deflections (traffic
calming measures) resulted in larger improvements. An 8% reduction in crashes was predicted
for each 1 mi/h speed reduction for horizontal deflections; and, interestingly, the impact of
vertical deflections was independent of the impact on speed reductions. A 44% reduction in
injury crashes was predicted with vertical deflections regardless of the impact on traffic speeds.
The overall reduction in personal injury crashes achieved with speed cameras was on the order of
22%, and the reduction achieved with horizontal treatments was about 29%, for 30 mi/h roads
(Hirst et al., 2005b).

AUTOMATED RED LIGHT RUNNING ENFORCEMENT

General findings across the key studies were consistent with those found in earlier
studies. That is, a decrease in right-angle crashes occurred; with a concomitant increase in rear-
end crashes. When violation frequencies were considered, the results were consistent with
previous studies that found decreases in red light running violations—even at non-treatment
intersection sites. In addition, several studies conducted an economic effects analysis based on
an aggregation of right-angle and rear-end crash costs for various injury severity levels. The
studies revealed that RLCs provide a modest aggregate crash-cost benefit. RLCs contributed
more to decreasing fatal and injury-producing angle and left-turn crashes than to decreasing PDO
crashes.

All of the key studies evaluated red light camera effectiveness as it related to frequency
of crashes and crash types. In addition, with the exception of one study, all of them compared
treatment with comparison sites, matched for such characteristics as operations (volumes, degree
of saturation, presence of large vehicles; speed [posted speed limit]); traffic control (fixed times
or actuated, duration of amber, and red phase, cycle time); geometry (number and type of lanes);
and warning signs (approach placement). The detail of these characteristics varied substantially
from one deployment to another and often from one time to another during the research period.
For example, one study reported that at some sites the amber signal phase lengths were changed
during the study period. Missing information was also a problem: none of the evaluation studies
identified for review addressed the issue of traffic signal visibility (i.e., type, number, and
placement of signal heads); from a human factors standpoint, the ability to see the signal could
be a strong influence on motorist behavior, and thus could impact the effectiveness of photo
enforcement.

A number of studies used an EB approach to derive estimates of the overall effectiveness
of RLC treatments, permitting a more accurate comparison of the expected number of crashes if
the treatment(s) had not been implemented versus the observed number of crashes that actually
occurred with the treatment(s) in place, in before-and-after research designs. In the absence of
random assignment of AES treatments, future evaluations of RLC systems should consistently
employ this technique.

The choice of safety outcome measures also deserves scrutiny in the interpretation of
findings-to-date. While there are many compelling reasons to use crash and violation data to
gauge the effects of RLC interventions, there are some quality-of-data issues that should be
mentioned. In the case of crash data, how accurate is the information recorded on the crash
incident form by the law enforcement agent at the scene of the crash, and by the data-entry staff
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at the jurisdiction? What criteria determine that a crash is recorded as a red-light-running
incident, and for which vehicle? Crashes involving a left-turning and a through vehicle from
opposite approaches to the same intersection could be coded to indicate both vehicles running the
red signal, either before, after, or during a protected signal phase. One recommendation is that
all crashes (including angle, right- or left-turning) involving two vehicles entering the
intersection from perpendicular approaches, that occur within 20 ft of the intersection, should be
considered as red-light-running incidents in RLC studies. Consistency in the definition of a rear-
end crash across reporting sources is also a concern (e.g., with respect to the proximity of the
intersection to be included in the RLC studies). Reporting requirements for severity-of-crash
data should be established and applied consistently across studies.

Violation data are also problematic as outcome measures. Depending on the jurisdiction,
violations varied according to a grace period (lag time) from 0.1 to 0.4 seconds through the red-
light phase. Do violation data reflect people who appeal the citation, and the number of citations
that are overturned? How does this number affect the overall event counts used in a RLC
evaluation study? There is no question that researchers are limited in their analyses by the
availability of the information provided by the jurisdictions participating in the studies. When
violation data are used in an evaluation, actual review of the tapes (or digital media) may be
warranted.

Finally, inconsistencies in signal operations and signing practices cannot be overlooked.
Many studies failed to mention differences in the length of the yellow signal phase. While there
are ITE standards (based on approach speeds) for the amber phase, the studies that mentioned
signal timing revealed treatment and comparison sites with different yellow signal lengths.
Since longer amber times have been associated with reductions in crashes, this factor must be
taken into account during study design and the interpretation of results.

Certain studies selected for this compendium mention the use of warning signs, plus area-
wide publicity, associated with the RLC treatment evaluated in the project. Unfortunately, the
location of warning signs (e.g., near the intersection, upstream a specific distance, on the edge of
the municipalities’ boundaries) is not consistent or is not identified in these studies. It is not
sufficient merely to mention the presence or absence of warning signs—the number, placement,
distance from intersection, and direction of traffic for which they are intended should also be
documented. Mention of whether the warning signs used at the sites conform to MUTCD
standards should also be included.

With regard to publicity campaigns, previous evaluation studies have similarly failed to
provide details about the number of PSAs on TV/radio, newspaper articles, billboards, flyer
distribution, etc., that provide the reviewer with an understanding of the depth/saturation, the
extent, and the duration of the publicity associated with RLC treatments. Additional study of the
influence of differences in publicity campaigns on RLC effectiveness would clearly benefit
future evaluation efforts.
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GENERAL DISCUSSION

Beginning with AES activities keyed to speed reduction, existing research indicates that
most carefully-implemented, fixed automated speed enforcement programs are likely to result in
aggregate safety improvements at high-crash locations. Covert, mobile enforcement programs
also seem likely to result in system-wide safety improvements, based on the limited existing
evidence. The exact magnitude of the safety gain, how far it will extend, and how much will
reflect a change in the targeted behavior (a decrease in speed) rather than another behavior
change (e.g., choosing an alternate route) cannot be stated with certainty at this point.

Ideally, in future implementations of automated speed enforcement, authorities and
researchers will collaborate to enable and design controlled, randomized experiments to measure
safety effects. Sites with high crash frequencies due to problem speeding could be randomly
assigned to treatment and non-treatment groups, eliminating the need for controlling for general
trends, regression to the mean, and other confounding variables; these would presumably be
equivalent or randomly allocated across treatment and control sites. A stratified randomization
may be appropriate, depending on the numbers of sites to be treated and similarities/differences
among sites. Even randomization may not solve all problems due to possible spillover on
untreated sites.

Realistically, given the pressing need perceived by most jurisdictions to maximize safety
and treat the highest crash locations first, observational before/after studies will continue to be
used. These must be carefully conducted, with documentation of changes in speeds as well as
crashes. Such studies must control for trends, confounding factors, and RTM. Use of the EB
procedures to control for RTM, a comparison group that represents general crash trends but is
unaffected by the treatment being evaluated, are steps needed to improve the precision as well as
accuracy of estimates of treatment effects.

In a number of the countries from which the reviewed studies originated, use of speed
cameras or photo-radar is so extensive, that it was difficult in some cases, and will become
increasingly so, to conduct studies using comparison groups to control for general trends that are
not affected by camera enforcement. In the United States, since automated speed enforcement is
not yet widespread, there is still an opportunity to reduce confounding influences or effects of
spillover on comparison groups. Choosing comparison groups that are unaffected by the
treatment, but adequately account for other factors is imperative.

With speed camera enforcement, examination of possible spillover effects should be
carefully considered. Issues and study considerations may vary depending on whether the
enforcement is mobile or fixed, and overt or covert. Depending on how aware the traveling
public is of the enforcement sites, negative spillover in the form of crash migration may be more
likely for fixed and conspicuous treatments, not only resulting in unintended consequences but
possibly negatively affecting comparison groups and resulting in an over-statement of benefits.
There is limited evidence from the reviewed studies that motorists do learn over time and adjust
to fixed, conspicuous cameras by perhaps changing routes or adapting speeds over short
intervals. These issues should also be borne in mind when considering the type of deployment to
use, as well as the study design.
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Positive spillover from the program may more likely affect comparison groups in covert
automated speed enforcement programs. Sites within the jurisdiction may be more likely to
experience spillover, while those outside may not be as comparable in terms of general trends.
Studies need to consider such possibilities and perhaps use multiple comparison groups and
analyses to examine possible effects, as done in the red-light camera study by Council et al.
(2005). Monitoring of traffic flow should also be done, particularly for conspicuous forms of
enforcement, and before- and after-traffic flow data should ideally be incorporated into analyses
to determine what proportion of effects are due to traffic flow changes.

In the present studies, a justification or explanation of the size of the treatment zone was
not always provided. The size of the treatment zone should be carefully determined and described.
If possible, a justification based on the enforcement parameters (when, where, signing/conspicuity,
sight distance, etc.) for the expected zone of effect should be provided. Pilot studies to determine
the extent of the area of AES effects may be needed.

In observational studies, it is also important to collect ‘before’ and ‘after’ speed data so
that a causal link can be inferred. Elvik (2003) discusses how analysis of causal chains can help
assess validity of safety evaluation studies and help detect the presence of confounding variables
not controlled for by the study. As data are collected on both speed and safety effects over a
wide range of road types and speeds, it may be possible in time to develop models to predict the
impact on speeds, and subsequently crashes, following the lead of Hirst et al. (2005a and 2005b).
Their models were developed with data from fixed camera installations, which presumably
operate 24 hours a day, 7 days a week (or appear to), and only from 30 mi/h roads. It is
unknown if their model predictions will hold up over a range of pre-existing speeds and program
factors.

More work is needed, particularly regarding mobile systems. While the early research by
Cameron et al., (1992) suggests that there is a dose-dependent effect of program factors (extent
of enforcement), it would help to maximize efficiency of mobile systems if more research were
done into the nature of the relationship, including determining if there is a minimal threshold of
mobile enforcement needed to realize significant safety effects across varying conspicuity levels,
publicity, and other factors. To that end, consistent methods of measuring and documenting
enforcement and program intensity, such as through hours of enforcement per site, should be
adopted and modeled. Other factors such as conspicuity/use of signs should be evaluated. For
example, if it is true, that the most dangerous speeders are also the most intractable, does the use
of warning signs help or hinder efforts to affect such speeders’ behavior or do they have the
greatest effect on deterring mild speeders? Controlled studies examining such specific factors as
the effect of signs, as well as enforcement threshold, penalties (amount and timing), and others
still need to be performed since the studies to date have generally reported on the effects of the
overall program. The studies from Australia have gone farthest toward examining effects of
other program factors.

In addition to program factors, work is needed to understand the site-specific differences
in effects of automated speed enforcement. Virtually all of the studies reported aggregate
improvements in safety effects. But among those that also provided data on individual sites,
effects varied widely, with most sites showing improvement but some showing no improvement,
based on observed results. It is not known whether this variation reflects differences in
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enforcement intensity, site-specific differences, statistical anomalies, or a combination of all
three. For example, Cunningham et al. (2005) reported an extensive range in the numbers of
citations issued by site and by corridor, but analyses did not compare effects by corridor with
intensity of enforcement. Whether effects vary as a function of speed limit of roads enforced is
also unclear from results presented by the present studies. A number of geometric factors could
also affect the safety outcomes, suggesting that more, or large-scale, studies utilizing a variety of
sites are needed to incorporate these factors into models, and to be able to predict at which sites
the use, and the mode, of camera speed enforcement is most effective.

Turning to a consideration of red light running automated enforcement programs, there are
several challenges to accurately estimating the safety impacts of RLC treatments, based on existing
research. First, many safety-related factors such as traffic volumes, crash reporting thresholds,
approach speeds, cycle lengths for signal timing, weather conditions, and law enforcement
practices are uncontrolled and/or confounded during the periods of observation. Second, spillover
effects caused by drivers reacting to non-RLC equipped intersections make the selection of
comparison sites difficult when designing an evaluation study. Third, sites selected for RLC
installations may not really be as randomly selected as intended by the study; and as a result may
suffer from a regression-to-the-mean effect. Finally, evaluation studies should but often fail to
consider the use of crash severity data to gauge the safety impacts of RLCs.

These methodological concerns have been addressed in several of the key studies
included in this compendium. Persaud et al. (2005) noted the effects of regression to the mean,
as well as changes in traffic volumes and other factors (e.g., weather) from one time to another,
and reported that these concerns can be addressed statistically through the application of safety
performance functions (SPFs). Specifically, an SPF calibrated to locations without RLCs is used
in an EB analysis, to calculate an expected number of crashes at an RLC site. This serves as the
benchmark to which the number of events observed in the period after RLC installation is
compared, resulting in a more meaningful percent change value. Potential spillover effects of
RLC installations on motorists’ behavior at nearby intersections may also be addressed,
depending upon the temporal and spatial domains in which intersections are sampled to acquire
the data used to calibrate the SPF.

Reanalysis of data from previous RLC studies using the SPF approach revealed effects that
were in the same direction as reported in other recent reviews and syntheses: a modest reduction in
angle crashes coupled with a slight increase in rear-end crashes at RLC-equipped intersections. The
magnitude of effects and associated benefits of RLCs were lower, however, which the researchers
authors speculate may reflect the failure in prior evaluations to account for regression to the mean.
Spillover effects also remain an issue in the reanalysis of past studies, as the retrospective nature of the
data (obtained over varying intervals) in such work precludes calibration of the SPF at a point in time
that allows derivation of valid expected crash frequencies at the RLC evaluation site(s).

In the Council et al. (2005) study of effects of red light cameras, non-signalized
intersections from each jurisdiction were used to account for general trends. The assumption was
that enforcement of red lights would not spill over to affect non-signalized locations. In addition,
‘before’ data from at least three untreated signalized intersections per treatment intersection (in the
same jurisdiction) were used to update safety performance functions used in the analyses. These
sites were also used to investigate possible spillover effects. Separate before/after analyses using
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the red light camera program start-date were conducted for the signalized reference group,
assuming that any spillover would occur after that time.

There is a need for certain adjustments in the before/after study design with matched control
locations (or jurisdictions) that has been the de facto ‘gold standard’ in this area, given the legal,
ethical, and economic barriers to random assignment of RLC installations. Specifically, using the EB
methodology to establish a benchmark for the calculation of treatment effects will affect the selection
of comparison sites. More reliable estimates of RLC treatment effects also may be expected from
prospective evaluations, where reference functions can be derived that incorporate all manner of other
(contemporary) influences on behavior, exposure, crash reporting practices, and other distinguishing
factors within a jurisdiction.

It could be argued that future RLC studies that seek to more precisely quantify changes in red
light running will never completely eliminate these methodological concerns; if so, investigating
strategies to maximize the benefits of RLCs could be a more fruitful research focus. This is not to
diminish the contributions of Persaud et al. (2005) or others who apply advanced analysis techniques
to this problem. But as there is a general consensus that red light camera installations lead to a modest
reduction in the most serious, angle crashes at intersections—regardless of the precise magnitude of
this effect—there is also an attribution of this safety benefit to a change in driver behavior (red light
running), and an acknowledgement that this behavior in turn depends upon driver perceptions. In
particular, the spillover effect is presumed to be mediated by drivers generalizing their perceptions of
an increased likelihood of a traffic citation/conviction from a few to many locations.

In this context, learning about the extent to which other (between- and within-subjects) factors
influence the perceived likelihood of apprehension becomes a research priority. Stokes, Russel, and
Rys (2003), in assessing the feasibility of automated traffic signal enforcement in Kansas, state that
planners should “pay special attention to the public acceptance and public education aspects of RLR
programs.” The results of polls conducted by the Insurance Institute for Highway Safety (reported by
Blakey, 2003) showing, consistently, that three-fourths and more of U.S. drivers favor red light
cameras, suggest that the public would be receptive, rather than resistant, to a range of perceptual
countermeasures.

Differences in driver perceptions may vary nationally, regionally, or locally with changes in
public education messages (McGee & Eccles, 2003). The conspicuity of camera installations, the
characteristics of advance warnings, or the pairing of RLCs with other, discriminative stimuli that
could be added cheaply (at non-instrumented intersections) also could significantly influence driver
perceptions in the desired direction. Laboratory or simulation studies could do much to explore these
relationships, laying the groundwork for surveys, focus groups, and opinion sampling to identify the
most promising manipulations, with subsequent behavioral field observations leading to practical
guidelines for maximizing RLC effectiveness.
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PART I: SPEED

PART II: RED LIGHT RUNNING
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